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v

This inaugural edition of Endocrine Disorders in Kidney Disease: Diagnosis 
and Treatment is dedicated to examining the complex interplay between 
endocrine and kidney disorders and how this interrelationship impacts 
patients with chronic kidney disease, including those receiving renal replace-
ment therapy in the form of dialysis and kidney transplantation. Indeed, 
chronic kidney disease patients are a unique population among whom a myr-
iad of hormonal derangements may exist. While there has been growing 
appreciation of this important link between endocrinology and nephrology, 
many endocrine disorders may remain latent and under-recognized among 
kidney disease patients.

Hence, this scholarly work is the product of a collaborative effort among 
experts in areas of endocrinology and nephrology in order to provide a com-
prehensive overview of the most relevant endocrine disorders observed in the 
chronic kidney disease population. Part 1 entitled Diabetes, Insulin, 
Resistance, and the Metabolic Syndrome presents a practical overview of 
areas commonly encountered in the clinical management of diabetic kidney 
disease patients, as well as kidney transplant recipients who develop new 
onset diabetes. Part 2 entitled Thyroid Dysfunction presents innovative themes 
pertaining to the high prevalence of thyroid dysfunction in kidney disease, 
including real-world interpretation of thyroid functional derangements and 
emerging data on thyroid dysfunction and outcomes in the chronic kidney 
disease population. Part 3 presents highly pertinent information on Gonadal 
Disorders, which include testosterone deficiency and other testicular condi-
tions, as well as amenorrhea and estrogen disorders in the chronic kidney 
disease population. Also included in this section is a chapter on pregnancy in 
kidney disease describing maternal, fetal, and obstetric outcomes, as well as 
general principles of management. Part 4 entitled Dyslipidemia provides 
valuable insights into the vast spectrum of lipid disorders associated with 
chronic kidney disease and nephrotic syndrome, as well as a rigorous sum-
mary of existing evidence and clinical practice guidelines addressing the 
management of dyslipidemia in kidney disease. Part 5 provides an extensive 
overview of the full-spectrum of Mineral Bone Disorders encountered in kid-
ney disease, including calcium, phosphate, fibroblast growth factor 23, vita-
min D, and parathyroid hormone alterations; osteoporosis and osteomalacia; 
and mineral bone derangements observed in kidney transplantation. Emerging 
data on Obesity and Adipokines in kidney disease are presented in Part 6. 
Then in Part 7 entitled Other Pituitary Disorders, experts in the field describe 
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pituitary disorders in kidney disease including growth hormone  disorders and 
abnormal stature, as well as prolactin, glucocorticoid, and arginine vasopres-
sin derangements. Finally, Part 8 synthesizes many of the aforementioned 
themes by describing the Multi-System Implications of Endocrine 
Derangements in Kidney Disease, including endocrine derangements in acute 
kidney injury, as well as the interaction between nutrition and endocrine dis-
orders in kidney disease.

We hope that the insights provided by this scholarly endeavor will engen-
der greater understanding of the magnitude of impact that endocrine disor-
ders have upon the kidney disease population, as well as identification of 
persistent gaps in knowledge that point toward future areas of investigation, 
with the overarching goal of improving the health and survival of chronic 
kidney disease patients. We thank all of our authors for their extraordinary 
expertise and valuable contributions, as well as the Springer editorial team for 
their tremendous support, which made the development of this unique text-
book and resource possible.

Orange, CA, USA  Connie M. Rhee
Orange, CA, USA  Kamyar Kalantar-Zadeh
Los Angeles, CA, USA  Gregory A. Brent
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Insulin Resistance and the 
Metabolic Syndrome in Kidney 
Disease (e.g., the Cardiorenal 
Metabolic Syndrome)

Vikram Patney, Sivakumar Ardhanari, 
and Adam Whaley-Connell

 Introduction

The metabolic syndrome is a collection of 
abnormalities that are risk factors for the devel-
opment of cardiovascular and chronic kidney 
disease (CKD). While current dogma suggest 
that obesity is at the core of this constellation 
of risk factors, the association between blood 
pressure and diabetes was described as early 
as 1921 [1–4]. Then during the 1988 Banting 

lecture, G.M. Reaven suggested that the clus-
tering of risk factors in an individual includ-
ing high blood pressure, impaired glucose 
tolerance, and dyslipidemia was associated 
with coronary artery disease. At that time he 
grouped these metabolic disorders and referred 
to them as “syndrome X.” He proposed that 
resistance to insulin-stimulated glucose uptake 
and compensatory hyperinsulinemia con-
tributed to the development of non- insulin- 
dependent diabetes mellitus, hypertension, and 
coronary artery disease [5]. This interest in 
“syndrome X” became an area of investigative 
interest for many in the 1990s and early 2000s 
that ultimately led to a better understanding of 
the relationship between obesity, insulin resis-
tance, and cardiovascular and kidney disease.

In modern terms, the “metabolic syndrome” 
refers to a set of physical and laboratory param-
eters whose co-occurrence in an individual may 
help clinicians identify the presence of insulin 
resistance as a chance to intervene early in the 
course of cardiovascular disease [6, 7]. In addi-
tion to syndrome X, other terms that have been 
used to describe a similar group of risk factors 
are “insulin resistance syndrome,” “dysmetabolic 
syndrome X,” and also “Reaven’s syndrome.” 
Since then, a number of organizations have 
sought to name and define this syndrome includ-
ing the National Cholesterol Education Program 
Adult Treatment Panel III (ATP III), World 
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Health Organization, American Association of 
Clinical Endocrinologists, European Group for 
the Study of Insulin Resistance, and International 
Diabetes Federation among others. The common 
criteria for this syndrome consistently rely on the 
presence of obesity and insulin resistance. It 
should be noted the central difference between 
the various organizations in describing the syn-
drome is in measurement thresholds of insulin 
resistance, blood pressure, obesity, and/or the 
presence of microalbuminuria.

There is a well-described relationship between 
diabetes and CKD; however, over the past decade, 
there has been considerable interest in the effects 
of insulin resistance, distinct from that of diabe-
tes, on CKD. Obesity and the presence of the 
compensatory hyperinsulinemia from insulin 
resistance have emerged as important contribu-
tors to the development of CKD. Thereby in this 
chapter, we will focus on the importance of the 
metabolic syndrome and insulin resistance in 
kidney disease and then review some of the 
important mechanisms that underlie this relation-
ship [8–12].

 Definition(s) of the Cardiorenal 
Metabolic Syndrome

Over the years, the diagnostic criteria for the 
identification of the metabolic syndrome have 
evolved. There have been a number of diagnostic 
criteria used in the cardiorenal metabolic syn-
drome to help identify the heightened risk for 
diabetes, cardiovascular, and, for our discussion, 
kidney disease. As per Reaven’s original descrip-
tion, syndrome X referred to the following risk 
factors: glucose intolerance, dyslipidemia, and 
hypertension [5]. Reaven proposed a causative 
role for insulin resistance. However, his descrip-
tion did not mention central obesity, which is 
now viewed by most as the unifying feature of 
the syndrome.

In 1999, a World Health Organization (WHO) 
diabetes group proposed a definition that included 
impaired glucose tolerance or diabetes mellitus 
and/or insulin resistance together with two or 
more of the following: raised arterial pressure 

≥160/90 mmHg, plasma triglycerides >150 mg/
dl, HDL <35 mg/dl in men or <9 mg/dl in women, 
central obesity suggested by waist/hip ratio of 
>0.90  in men and >0.85  in women and/or BMI 
>30 kg/m2, and/or microalbuminuria ≥20 μg/min 
or albumin/creatinine ratio ≥20  mg/gm [13]. 
Subsequently, the European Group for the Study 
of Insulin Resistance suggested some modifica-
tions to the WHO definition of metabolic syn-
drome. They excluded diabetic individuals as the 
current thought at that time was that there was no 
simple way to measure insulin resistance and sug-
gested different cutoffs for other criteria [14]. The 
NCEP:ATP III proposed a definition that focused 
on facilitating diagnosis and risk reduction for 
individuals at high risk for cardiovascular disease 
[15]. The ATP III suggested the diagnosis of met-
abolic syndrome with the presence of three or 
more from the following criteria: waist circumfer-
ence >40 inches in men or >35 inches in women, 
triglycerides ≥150  mg/dl, high-density lipopro-
tein cholesterol <40 mg/dl in men or <50 mg/dl in 
women, blood pressure ≥130/ ≥85 mmHg, and/or 
fasting glucose ≥100 mg/dl [15].

The existence of multiple definitions of the 
syndrome resulted in difficulties with comparison 
and interpretation of data between studies of the 
syndrome as well as confusion with application 
for clinical use [16]. It is important to note these 
groups did not consider in their recommendations 
ethnic differences in measurements of obesity and 
especially in waist circumference [16]. To address 
these concerns, a consensus group panel meeting 
arranged by the International Diabetes Federation 
(IDF) in 2004 proposed a “global” definition for 
use in clinical practice [17]. The working group of 
the IDF suggests the presence of obesity as mea-
sured by waist circumference that had values with 
ethnicity in mind in addition to two of the follow-
ing factors: elevated triglycerides (≥150 mg/dl or 
on treatment), reduced HDL cholesterol (<50 mg/
dl in females and <40  mg/dl in males), raised 
blood pressure (≥130  mmHg systolic or 
≥85 mmHg diastolic or on treatment for hyper-
tension), and fasting plasma glucose (fasting glu-
cose ≥100 mg/dl or diagnosis of diabetes) [17]. 
Waist circumference cutoffs based on ethnicity 
included (1) Europoids, sub-Saharan Africans, 
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Eastern Mediterranean, and Middle East (Arab) 
populations, ≥94  cm for men and ≥80  cm for 
women; (2) South Asians, Chinese, Ethnic South, 
and Central Americans, ≥90  cm for men and 
≥80 cm for women; and (3) Japanese, ≥85 cm for 
men and ≥90 cm for women [17].

 Epidemiology of the Cardiorenal 
Metabolic Syndrome

The prevalence of metabolic syndrome varies 
with the diagnostic criteria used, region studied, 
as well as age and ethnicity of the population. In 
2010, based on data from the National Health and 
Nutrition Examination Survey (NHANES), the 
age-adjusted prevalence of the cardiorenal meta-
bolic syndrome in the adult US population was 
estimated to be ~23% [18]. The study utilized 
waist circumference cutoffs of ≥40 inches for 
men and ≥35 inches for women based on the ATP 
III definition while utilizing the cutoffs from the 
IDF definition for the other criteria. The use of 
more generous cutoffs for defining abdominal 
obesity may have led to an underestimation of 
that parameter in the US population. Comparison 
of the data from 1999 to 2000 and 2009 to 2010 
revealed an improving trend for metabolic syn-
drome, blood pressure, triglycerides, and HDL 
cholesterol and a worrisome increasing trend in 
hyperglycemia and waist circumference. The 
improvement in blood pressure and lipid trends 
was thought to have corresponded to increases in 
awareness and incorporation of antihypertensive 
and lipid-lowering therapies [18]. Hispanic- 
American adults, especially females, have a 
higher prevalence compared to other US racial 
subgroups [18]. In an epidemiological study of 
1800 adults in an urban population in India, the 
prevalence of the syndrome was ~13% [19]. 
Further, in another population, a cross-sectional 
study in the Guangdong province of South China 
using the NCEP:ATP III criteria showed an unad-
justed prevalence of ~27% [20]. Along with other 
risk factors such as hypertension and diabetes, it 
is important to note the prevalence of the syn-
drome increases with age until 70 years and then 
declines [21].

While it is clear the cardiorenal metabolic syn-
drome is highly prevalent, there is sufficient addi-
tional evidence to support an association between 
insulin resistance and CKD. Observational data 
from NHANES III support a direct correlational 
relationship between insulin resistance and both 
the presence of microalbuminuria and overt 
CKD [11, 22]. Important in these observational 
data is the ability to distinguish between insulin 
resistance or overt diabetes and development of 
CKD.  It is important to note then that insulin 
resistance has been documented in a nondiabetic 
population in early stages of CKD as well as in 
more advanced stages [12]. In one prospective 
cohort, the Atherosclerosis Risk in Communities 
(ARIC) study, there was an increased risk for the 
development of CKD in nondiabetics that met the 
definition of the syndrome. This occurred inde-
pendent of baseline confounders such as diabetes 
and hypertension and even with their development 
over the duration of the study [9]. Additional data 
from the Framingham Heart Study support that in 
a cohort of individuals without diabetes followed 
over 7 years, insulin resistance was significantly 
associated with development of CKD following 
adjustments for confounders [10]. These collec-
tive data suggest a trend has emerged between 
CKD and the cardiorenal metabolic syndrome 
irrespective of overt diabetes.

 The Cardiorenal Metabolic 
Syndrome and CKD

The syndrome is associated with an increase 
in risk for myocardial infarction, cardiovascu-
lar mortality, and stroke as well as all-cause 
mortality [23]. The presence of the cardiorenal 
metabolic syndrome has been associated with 
a greater risk for type 2 diabetes [24] and inde-
pendently increases the risk of microalbuminuria 
and incident CKD [25, 26]. Hence, the presence 
of  metabolic syndrome in one out of every four 
to five adults provides an opportunity to identify 
and treat risk factors that predispose to type 2 dia-
betes, CKD, as well as all-cause CKD-associated 
mortality. In this context, there has been much 
interest in the presence of microalbuminuria or 

1 Insulin Resistance and the Metabolic Syndrome in Kidney Disease 
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albuminuria as a risk predictor or as an actual 
outcome of the metabolic derangements associ-
ated with the cardiorenal metabolic syndrome. 
There have been a number of population level 
studies that have included microalbuminuria in 
nondiabetics with CKD to evaluate risk in this 
syndrome [27–30]. Further, microalbuminuria is 
an independent, modifiable predictor of risk and 
largely considered a marker of generalized endo-
thelial dysfunction [31].

The contribution that visceral adiposity has 
to these metabolic-induced vascular abnor-
malities includes insulin resistance, lipoprotein 
abnormalities, as well as promotion of a pro-
inflammatory/pro-oxidative milieu that induces 
systemic hemodynamic changes [32, 33]. While 
overweight/obesity status, sedentary lifestyle, as 
well as genetics predispose to these risks, a uni-
fying mechanism is difficult to elucidate and is 
likely a conglomerate of factors [34]. Numerous 
metabolic abnormalities have been suggested 
that explain the association between obesity, 
insulin resistance, and albuminuria of which the 
most significant ones are inappropriate activation 
of the sympathetic nervous system (SNS) and 
renin- angiotensin- aldosterone system (RAAS) 
and the diminishing actions of protective cyto-
kines [35]. Excessive visceral adipose tissue in 
obese individuals is a well-known source for pro- 
inflammatory adipokines which promote insulin 
resistance [35]. The resulting hyperinsulinemic 
state in addition to obesity-induced kidney struc-
tural and functional changes then potentiates 
glomerulosclerosis and thickening of glomerular 
basement membrane in animal models [35]. The 
following are some of the mechanisms thought to 
contribute to increased risk of CKD in individu-
als with the metabolic syndrome.

 Insulin Resistance/Hyperinsulinemia

Insulin helps control energy homeostasis by facil-
itating the glucose uptake and glycogen storage 
in the liver and skeletal muscle tissue. In addition, 
insulin stimulates the storage of lipids as triglyc-
erides in adipose tissue [36]. Insulin binds and 
activates the insulin receptor tyrosine kinase in 

skeletal muscle [36]. This leads to phosphoryla-
tion of insulin receptor substrate-1 (IRS- 1) which 
then binds and activates phosphatidylinositol 
3-kinase (PI3K) [36]. PI3K then promotes trans-
location of glucose transporter type 4 (GLUT4) 
to the plasma membrane, thereby leading to glu-
cose uptake [36]. Impaired insulin metabolic sig-
naling in the skeletal muscle, liver, and adipose 
tissue due to reduced binding or phosphorylation 
of its receptor, decreased tyrosine kinase activ-
ity, and impaired phosphorylation of IRS pro-
teins contributes to insulin resistance [36]. The 
persistent excess insulin levels eventually lead to 
impairments in renal hemodynamics contributing 
to an elevation of glomerular filtration rate (e.g., 
hyperfiltration) in experimental studies [37, 38]. 
The state of hyperinsulinemia in these insulin-
resistant individuals also contributes to salt sensi-
tivity and thereby increased glomerular pressure, 
hyperfiltration, and overtime maladaptive struc-
tural remodeling that leads to albuminuria in 
diabetes [39]. The contribution then of insulin 
excess to vascular homeostasis is a critical link to 
understanding the underpinning of insulin resis-
tance to the intrarenal hemodynamic changes that 
lead to CKD.  There is clear data regarding the 
impact of insulin resistance/hyperinsulinemia in 
vasoconstriction activity through activation of 
vascular sympathetic tone through catecholamine 
secretion [40]. Bioavailable nitric oxide (NO) is 
regulated, in part, by insulin through stimulation 
of PI3K signaling pathways in impaired vascular 
tissue in the insulin-resistant state. The altera-
tions in vascular tone contribute not only to the 
development of vasoconstriction and hyperten-
sion but also lead to glomerular hypertension and 
albuminuria.

Not only does excess insulin over time contrib-
ute to the vascular abnormalities that induce 
endothelial dysfunction, but excess insulin con-
tributes to vascular cell proliferation, mesangial 
expansion, along with extracellular matrix depo-
sition that promotes tubulointerstitial fibrosis 
[41]. The actions of insulin in this capacity can 
occur either directly by insulin or occur in con-
junction with other growth factors such as insulin- 
like growth factor (IGF)-1 and transforming 
growth factor-β (TGF-β). IGF-1 has similar 

V. Patney et al.



7

effects to insulin on the vasculature but also pro-
motes mesangial cell and glomerular expansion 
[42]. Insulin has been shown to produce TGF-β in 
both proximal tubular and mesangial cells which 
in turn lead to glomerular and tubulointerstitial 
extracellular matrix expansion and fibrosis [43].

 Inflammatory Cytokines

Increased accumulation of macrophages has been 
seen in adipose tissue of obese individuals. (45) 
Visceral adipose tissue in obesity expresses 
increased amounts of pro-inflammatory mole-
cules as well as procoagulant proteins [44]. 
Further, increased adipocyte macrophages are 
thought to produce several of these pro- 
inflammatory molecules and have been shown to 
decrease insulin sensitivity and increase lipolysis 
and hepatic triglyceride secretion [45]. Leptin is 
an adipocyte-derived hormone with structure 
similar to the cytokine IL-2 and is thought to 
mediate energy balance through its actions on the 
hypothalamus [46]. Obese individuals with meta-
bolic syndrome display elevations in circulating 
leptin and are resistant to the central neurologic 
effects of leptin that decrease appetite and 
increase energy expenditure [47]. This promotes 
maintenance of excess weight and helps amplify 
the consequences [46]. Findings in the West of 
Scotland Coronary Prevention Study 
(WOSCOPS) suggested that elevated leptin lev-
els are independently associated with increased 
risk of coronary artery disease [48]. In this study 
higher leptin levels correlated strongly with 
C-reactive protein (CRP) in individuals who had 
a coronary event, suggesting then there exists a 
chronic low-grade inflammation that may 
increase the risk for cardiovascular disease [48].

A study of data from the third National Health 
and Nutrition Examination Survey (NHANES 
III) looked at the presence of inflammation in 
patients with the syndrome and varying levels of 
kidney function [49]. This study found that an 
increase in number of component conditions of 
metabolic syndrome increased the odds of 
inflammation as measured by CRP levels at vari-
ous levels of kidney function [49]. While this 

suggests an association, direct causation has not 
been proved. Adiponectin is a polypeptide that is 
produced by adipose tissue that exhibits proper-
ties that are insulin sensitizing along with anti- 
inflammatory and antioxidant [50]. In this 
context, low adiponectin levels are associated 
with insulin resistance, cardiovascular disease, as 
well as kidney disease in obese individuals [51]. 
It has been shown that urine albumin excretion is 
inversely related to adiponectin levels in obese 
individuals [52] and regulates albuminuria and 
podocyte function in mice [53]. The MDRD 
study showed that each 1 μg/ml increase in adi-
ponectin increased risk of cardiovascular mortal-
ity by 6% [54]. The cause of this paradoxical 
relationship in patients with CKD is unclear.

 Inappropriate Activation of the RAAS

The RAAS is a complex and widely studied topic 
well known for its central role in the regulation of 
blood pressure, kidney blood flow, and sodium 
and water regulation. The RAAS pathway 
encompasses several peptides and enzymes. 
Angiotensin II has long been considered to be the 
predominant effector peptide of the RAAS to 
exert its maladaptive effects via the angiotensin II 
receptor type I. However, recently several other 
effector molecules have been identified at the tis-
sue level establishing the existence of both circu-
latory and tissue-based RAAS in several 
non-kidney tissues including the brain, heart, adi-
pose tissue, and pancreas [55]. Additionally, 
there have been a number of observations that 
highlight the tissue level RAAS functions inde-
pendent of the systemic RAAS.

Angiotensin II levels in the kidneys are several 
fold higher than the systemic levels [56], and 
angiotensin receptor blockade contributes to a 
disproportionately higher vasodilation despite 
low plasma renin activity [57]. Further, in the 
obese, insulin-resistant individual, persistently 
elevated insulin levels lead to activation of SNS 
and RAAS along with obesity-induced physical 
compression of kidneys that collectively contrib-
ute to increased renal tubular sodium reabsorp-
tion, volume expansion, and hypertension [58]. 
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When considering the salt retention and hyperfil-
tration and the systemic activation of the RAAS, 
this is then inappropriate.

It is well known angiotensin II increases 
glomerular pressure and induces intrarenal 
inflammatory cytokines and growth factors that 
contribute to development of albuminuria [59, 
60]. Angiotensin II is also shown to stimulate pro-
liferation of mesangial cells, glomerular endothe-
lial cells, and fibroblasts [60]. Additionally, there 
has recent interest in excess aldosterone in pro-
motion of altered insulin signaling and its contri-
bution to hypertension and kidney structural and 
functional abnormalities independent to that of 
angiotensin II [61, 62].

Inappropriate activation of the RAAS is asso-
ciated with cardiovascular and kidney diseases. 
Recently, an abnormally hyperactive RAAS has 
also been implicated in pathogenesis of meta-
bolic syndrome [63–66]. Hyperactive systemic 
RAAS and adipose tissue RAAS has been associ-
ated with human obesity and various other ani-
mal obesity models [67]. The common link also 
extends to hyperglycemia, hypertension, and cor-
tisol that are associated with activation of RAAS 
and also are risk factors for metabolic syndrome 
[68]. Recently, specific polymorphisms in RAAS 
have been linked to the development of the syn-
drome [69].

Patients with diabetes demonstrate hypergly-
cemia either secondary to impaired secretion of 
insulin or decreased sensitivity to insulin. The 
resultant hyperglycemia is associated with acti-
vation of RAAS at the tissue level. In rodent 
models, Singh et al. demonstrated that hypergly-
cemia is associated with an increase in angioten-
sinogen and angiotensin I ultimately resulting in 
an increased mesangial angiotensin II. They also 
demonstrated other angiotensin-related peptides 
(angiotensin 1–9, angiotensin 1–7, and angioten-
sin 3–8) and also that hyperglycemia facilitates 
the conversion of mesangial angiotensin 1–9 to 
angiotensin II [70]. Zhang et al. proved that these 
are mediated through the stimulatory effect of 
hyperglycemia on angiotensinogen gene expres-
sion in the renal proximal tubular cells and on a 
molecular level at least partly through the activa-
tion of protein kinase C independent, p38 

mitogen- activated protein kinase signal transduc-
tion pathway [71]. There is also a role for succi-
nate stimulating the novel metabolic receptor 
GPR91 behind the mechanism of RAAS activa-
tion in hyperglycemia [72]. Similar observations 
of increased angiotensin II levels in the cardiac 
myocytes leading to cardiomyocyte apoptosis 
and fibrosis have been made [73].

Both animal and human experiments have 
proven the ability of RAAS inhibition to improve 
hyperglycemia. In human studies, angiotensin 
receptor blockade improves beta-cell function 
and insulin sensitivity and reduces the progres-
sion to overt diabetes [74, 75]. In another study, 
although angiotensin-converting enzyme (ACE) 
inhibition did not reduce the incidence of diabe-
tes, it demonstrated increased regression to nor-
moglycemia [76]. These observations elucidate 
the causal link of RAAS in causing hyperglyce-
mia and the ability to regress toward normogly-
cemia with its inhibition [77].

Increased adipose tissue is the hallmark of 
obesity, and it is an integral part of metabolic 
syndrome, impaired glucose tolerance, and dia-
betes [78]. The decreased insulin sensitivity of 
obesity has been well known for its association 
with hyperglycemia, and RAAS inhibition results 
in decreased incidence of hyperglycemia. There 
is also strong evidence that obesity activates both 
systemic and tissue RAAS emphasizing it as a 
unifying mechanism in the cardiorenal metabolic 
syndrome. Adipose tissue is regarded as an auto-
crine organ with presence of all the components 
of RAAS [79]. Typically angiotensinogen is syn-
thesized by the liver in lean individuals, but in 
obese individuals adipose tissue is an important 
source [80]. After the above described cascade of 
reactions, the final effector molecule angiotensin 
II acts locally to mediate fat mass expansion via 
angiotensin II receptor (ATIR) types 1 and 2, by 
decreasing lipolysis and increasing lipogenesis, 
respectively. About one-third of the circulating 
angiotensinogen is contributed by adipose tissue 
and is to be considered as an autocrine and more 
recently an endocrine organ [81].

Patients with obesity demonstrate several 
abnormalities including increased circulating 
levels of angiotensinogen, renin, ACE, and angio-
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tensin II and increased adipose tissue levels of 
renin, ACE, and angiotensin II expression [67, 
82]. These abnormalities tend to improve or 
resolve with weight loss [83]. There is some dis-
crepancy from animal models of obesity that 
revealed that these relationships could be strain 
specific. There is also evidence that systemic 
RAAS stimulation results in weight loss in con-
trast to the stimulation of the adipose tissue 
RAAS that causes weight gain [81, 84]. These 
facts highlight the complexity of the pathology 
behind the syndrome. Overall, the consensus is 
that both systemic and tissue RAAS are overac-
tive in humans with obesity. RAAS inhibition has 
been demonstrated to have reduced obesity in 
hypertensive obese humans [85].

 Endothelial Dysfunction

The endothelium is composed of a single layer of 
cells lining the luminal surface of the vasculature 
and plays a central role in vascular tone. This is 
primarily mediated by the local production of 
nitric oxide (NO). Endothelial NO synthase, an 
enzyme, and tetrahydrobiopterin, a cofactor, 
facilitate the reaction that leads to synthesis of 
NO from L-arginine. Mechanical shear stress is 
the most important stimulus for eNOS [86]. 
Several other chemical mediators like bradykinin 
and adenosine mediate nonmechanical stimula-
tion of eNOS [87]. NO diffuses into the vascular 
smooth muscle activating guanylate cyclase and 
resulting in a c-GMP-mediated vasodilation. 
Beyond vasomotor regulation, a normal endothe-
lium is important in prevention of atherosclerosis 
through regulation of smooth muscle cell prolif-
eration and vessel wall inflammation, cellular 
adhesion, and even resistance to thrombus forma-
tion [88]. Endothelial function is assessed by 
endothelium-dependent vasodilation, markers of 
activation, and damage [89]. Assessment of 
endothelium-dependent vasodilation is done by 
the degree of vasodilation in response to nitric 
oxide, the local levels of which can be increased 
pharmacologically or mechanically. Endothelial 
activation and damage occur with the inflamma-
tion of the endothelium with excess circulating 

levels of factors such as soluble intercellular 
adhesion molecule, von Willebrand factor, plas-
minogen activator inhibitor-1 (PAI-1), and CRP 
[88, 90–93].

The hallmark of a diseased endothelium is 
decreased NO and impaired vasodilation. This 
can result from reduced NO production or 
increased destruction of NO by reactive oxygen 
species [88]. Diabetes or impaired glucose intol-
erance, dyslipidemia, and hypertension are inde-
pendent risk factors for endothelial dysfunction 
[94–97]. This is explained by the presence of 
impaired endothelium-dependent vasodilation 
[94, 98, 99] and increased levels of various mark-
ers in circulation as described above [100–102]. 
Metabolic syndrome is a clinical entity that is a 
result of clustering of several of the above risk 
factors. This translates to a proportionally greater 
magnitude of the biochemical abnormality [103] 
and greater cardiovascular risk [98]. The overall 
endothelial dysfunction leads to leaky capillaries 
in the kidneys giving rise to microalbuminuria 
that has elevated microalbuminuria as a diagnos-
tic criterion to define metabolic syndrome [13]. 
In patients with metabolic syndrome, several 
interventions including dietary alterations, physi-
cal exercise, and treatment of diabetes, dyslipid-
emia, and hypertension are associated with 
improvement in the markers of endothelial dys-
function [89, 100, 104].

 Conclusions and Perspectives

The relationship between diabetes and CKD and 
CKD-related outcomes is well established. 
However, the impact that insulin resistance and 
hyperinsulinemia has on cardiorenal risk and pro-
gressive kidney dysfunction is emerging and as 
important as the effects of hyperglycemia derived 
from overt diabetes. There is strong population 
level data to support this association and equally 
strong experimental data to support this relation-
ship. The various mechanisms that excess insulin 
has on fat-derived adipokines, inflammation, oxi-
dative stress, and inappropriate activation of the 
RAAS and SNS collectively lead to impaired 
renal hemodynamics and downstream vascular 
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proliferation, extracellular matrix deposition, and 
fibrosis. There is further need to understand the 
impact of insulin resistance and hyperinsulinemia 
on kidney disease. While the impact that interrup-
tion of the RAAS has on CKD is clear, the effect 
of non-pharmacological measures such as physi-
cal activity and weight reduction, along with 
pharmacological interventions such as insulin-
sensitizing agents, is less clear.
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Diabetic Kidney Disease
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 Epidemiology

Chronic kidney disease (CKD) is growing at an 
epidemic rate throughout the world. The major 
causes are diabetes and hypertension. CKD 
from both diabetes and hypertension have been 
increasing for over 20 years, but the increase in 
diabetic kidney disease (DKD) has been signifi-
cantly more rapid [1]. The best way to appreci-
ate the epidemic rise is to examine the changes 
in the numbers of people with end-stage kidney 
disease (ESKD). The reasons for this are as fol-
lows. Chronic kidney disease (CKD) is defined as 
an estimated glomerular filtration rate (eGFR – 
as calculated using one of the eGFR formulae) 
of <60  ml/min and/or an increase in the urine 
albumin/creatinine ratio of 30 mg/g [1]. By this 
definition, about 13.6% of the US population 
has CKD.  There is a legitimate argument as to 
whether everyone at these levels has CKD as, 
for example, eGFR declines with age. At birth, 
eGFR ranges from 110 to 140  ml/min. Normal 
rate of decline is as high as 1 ml/min/year. Hence 
many people 65 and over may have an eGFR of 
<60 ml/min/1.73m2 as a consequence of nor-
mal aging. Therefore using the CKD definition, 

the number of people older than 65 with CKD 
may be an overestimate. But there is no contro-
versy as to the numbers of people with ESKD 
(includes all dialysis and transplant) patients. In 
1978, there were 41,000 people with ESKD and 
307,000  in 1996. By 2015, 700,000 people had 
ESKD in the United States [1]. This is a 17-fold 
rise in ESKD patients since 1978. Type 2 diabe-
tes mellitus (DM) is the main cause of ESKD 
(type 2 DM comprises >90% of all DM cases). 
In 1996, there were about 99,000 cases of ESKD 
ascribed to DM, and as of 2015, it was 267, 956 
cases in 2015. Forty-five percent of the new cases 
in 2013 were due to DM, and 28% were due to 
hypertension.

This dramatic increase in ESKD is especially 
surprising as it is occurring despite the following 
facts: (1) Many studies have shown that it is more 
likely that a person with DM and CKD will die 
from a cardiovascular event rather than progress 
to ESKD. For example, decreasing eGFR and/or 
increasing urine albumin level led to a highly sig-
nificant increased risk for death from a cardiovas-
cular event [2]. Moreover an important study 
from 2014 determined that death rates in type 2 
DM patients in excess of the age-matched non-
 DM population were associated with CKD [3]. 
By analyzing the NHANES database, these 
researchers found that the presence of albumin-
uria (>30  mg/g) or a decrease in eGFR led to 
increased death rates as compared to people with 
type 2 DM and no evidence of CKD. Furthermore, 
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the combination of increased urine albumin and 
decreased eGFR was associated with the highest 
death rates. Of most importance though was that 
those with type 2 DM and no signs of CKD had 
death rates similar to the age-matched population 
who did not have type 2 DM. This finding sug-
gested that all excess deaths in type 2 DM patients 
were associated with the presence of CKD. (2) 
The death rates for people on dialysis in the 
United States are as high as 21% per year [4]. 
Hence when considering that most people with 
CKD will die before reaching ESKD and that the 
yearly death rates for people on dialysis are quite 
high, the CKD number must be in the millions to 
maintain the high (and increasing) numbers of 
people with ESKD.  Of note, in addition to the 
personal costs of increased morbidity and mortal-
ity, there are tremendous financial costs. In 2013, 
the US government spent about 6% of the health- 
care budget (31 billion dollars) on ESKD (which 
is about 0.2% of the population) [1].

This increase in CKD and ESKD is occurring 
worldwide. China and India have the greatest 
number of cases, and the rise in both countries is 
continuing. Interestingly, not all ethnic and racial 
groups share the same risk. According to the data 
from the United States, African-Americans, 
Hispanics, American Indians, and Asians have 
significantly higher rates of CKD and ESKD [1]. 
Thus, physicians need to be even more vigilant 
when caring for people from these ethnic and 
racial groups.

 Pathophysiology

There is no definitive explanation as to why 
people with diabetes develop DKD. Interestingly 
most people with DM do not develop 
DKD.  Many studies estimate that the percent-
age of people who develop DKD vary from 20% 
to 40% depending on whether one has type 1 or 
type 2 DM. And of those who develop DKD – 
diagnosed clinically primarily as a combina-
tion of eGFR of <60  ml/min/1.73m2 and/or an 
increase in urine albumin level that is associated 
with a bland urine sediment – most will not prog-
ress to ESKD. Indeed major research efforts are 

focused on determining who is at risk to develop 
DKD and who is going to progress to ESKD 
[5–7]. A number of potential markers have been 
found including the tumor necrosis factor alpha 
receptor and kidney injury molecule 1 (KIM-
1). To date, it is not clear whether any of these 
markers will offer more clinical utility than fol-
lowing changes in eGFR and the urine albumin 
level. They may become particularly useful for 
research studies since it is very challenging to do 
clinical DKD studies. This is because only a sub-
set of DM patients will ever develop DKD and it 
takes years to develop DKD. Knowing who will 
develop DKD and knowing who will progress to 
ESKD will make it possible to use fewer patients 
in clinical studies for shorter periods of time, 
greatly increasing research productivity.

There are a number of mechanisms that likely 
play a role in the development and progression of 
DKD.  The exact importance of each of these 
mechanisms is unclear. A major reason for 
all of this uncertainty is that the animal models 
of human DKD are generally not reflective of 
human DKD and it is difficult to do pathophysi-
ological studies in humans as development and 
progression of DKD occur over many years. In 
this section, some of the relevant mechanisms 
will be discussed.

At the molecular and cellular level, a number 
of deleterious pathways have been implicated 
from cell culture and animal studies. The princi-
pal inciting cause for these pathways is elevated 
glucose. For all mechanisms described, drugs 
have been developed or are being developed:
 1. Reactive oxygen species (ROS). ROS have 

been shown to be elevated in both animals and 
humans [8–10]. In many studies the elevation 
of ROS has been shown to be due to a combina-
tion of increased ROS production and decreased 
antioxidant function [8, 10]. Increased ROS 
leads to oxidation of lipids, proteins, and car-
bohydrates and deleterious cellular changes 
that may lead to cellular dysfunction and cell 
death. To date, antioxidant treatment has not 
been effective. This is likely due to the lack of 
specificity of current antioxidant treatments. 
Drug development aimed at targeting specific 
enzymes or pathways known to play a role in 
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the development of ROS is either in develop-
ment or in clinical trials and will hopefully 
have significant therapeutic benefits.

 2. Transforming growth factor β (TGFβ). TGFβ 
has a number of normal as well as abnormal 
functions [11]. In DKD, many studies have 
shown that increased TGFβ plays a significant 
role in the fibrosis seen in DKD and in a pro-
cess called endothelial to mesenchymal trans-
formation that is also part of DKD 
pathophysiology. There are no specific inhibi-
tors of TGFβ, but studies in animals have 
demonstrated that blocking TGFβ (e.g., with 
an antibody) prevents the development of 
DKD. There have been small studies using a 
non-specific anti-fibrosis medication (pirfeni-
done) that have appeared intriguing but to date 
have not been shown to be useful [12]. There 
are ongoing efforts to find drugs that specifi-
cally block TGFβ.

 3. Protein kinase C β (PKCβ). There is a large 
family of PKC proteins [13]. Although a vari-
ety of isoforms have been implicated in the 
pathogenesis of DKD, in particular, PKCβ has 
been seen shown to be increased in DKD lead-
ing to multiple cellular defects [13]. A specific 
inhibitor of PKCβ has been developed and 
studied in human clinical trials [14]. No clear 
benefit for DKD was observed in these 
studies.

 4. Advanced glycation end products (AGEs). 
AGEs are proteins that are glycated through 
nonenzymatic processes [15, 16]. These pro-
teins accumulate as blood sugar levels rise and 
lead to altered cell membranes, increased 
ROS, and other pathophysiological processes 
[15, 16]. Unfortunately, to date trials of drugs 
designed to prevent AGE formation and to 
prevent or treat DKD have not been successful 
in humans [16].
There are a number of other possible mecha-

nisms [17, 18]. To date, drugs targeting these 
pathways have either not been effective or not yet 
tried in humans. Some have speculated that per-
haps a combination pill or medication cocktail 
that consists of drugs against all or a combination 
of these targets would be effective. Others 
speculate that some of these mechanisms are 

relevant for development but not progression of 
DKD such that particular drugs may have not 
been given at their optimal effective time. 
Whatever the role these play, more work is 
needed to define importance, timing, and how 
these mechanisms interact with each other so that 
better treatments are developed and delivered at 
the optimal time.

In addition to the cellular pathophysiology, 
there are very important hemodynamic mecha-
nisms. First, systemic high blood pressure is a 
clear factor both in the development and progres-
sion of DKD [19–22]. As vascular damage occurs 
in DKD (due to the effects of hyperglycemia on 
endothelial cells), hypertension likely leads to 
more damage of already susceptible endothelial 
cells leading to loss of nephrons. Many studies 
have demonstrated that control of hypertension 
is important for both prevention and progression 
of DKD [19–22]. Second, glomerular hyperfil-
tration has been shown to play a likely central 
role in the progression of DKD [23]. Glomerular 
hyperfiltration, which was mechanistically delin-
eated using micropuncture studies in rats, is 
manifested as increased GFR [24]. Treating glo-
merular hyperfiltration in animal models of DKD 
has been demonstrated to prevent development 
and slow progression of DKD [25]. There are 
two approaches to decreasing glomerular hyper-
filtration in animals, using medications that block 
the action of angiotensin II and low-protein diets 
[26]. Both approaches appear to work by decreas-
ing glomerular hyperfiltration. Angiotensin II 
regulates glomerular filtration by causing vaso-
constriction of the efferent arteriole and because 
of the increased resistance to outflow from the 
glomerulus, increased glomerular pressures, and, 
as a result, increased GFR [26]. Hence block-
ing the actions of angiotensin II leads to lower 
glomerular pressures. Low-protein diets also 
lower glomerular hyperfiltration via changes in 
renal blood flow. These diets are effective treat-
ment in animals with DKD. On the other hand, 
high-protein diets in animals greatly accelerate 
DKD. In humans drugs that decrease the actions 
(via decreasing production or blocking action) 
of angiotensin II appear to be most beneficial 
for slowing progression in people with increased 
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albumin levels in the urine but do not appear to 
be beneficial for preventing the development of 
DKD. In humans the benefit of a low protein diet 
is much less clear and most nephrologists are not 
recommending a low protein diet [27–31]. But 
there may well be a risk for progression of DKD 
from high-protein diets in humans.

 Natural History

Natural history studies for DKD are difficult for 
already mentioned reasons: only a subset of DM 
patients will develop DKD, and it takes years to 
develop DKD (typically 5–15  years after the 
onset of type 1 diabetes). It is even more difficult 
to study the natural history of DKD in type 2 DM 
patients as the typical person with type 2 DM has 
it for years before it is diagnosed. Nevertheless, 
the classic view of the natural history of DKD is 
as follows [32]. The earliest sign is glomerular 
hyperfiltration (eGFR >140 ml/min/1.73m2), fol-
lowed by an elevated urine albumin level, fol-
lowed by a progressive increase in the urine 
albumin level, and followed by a progressive 
decline in GFR. It is clear now that even though 
this construct does fit a subset of patients with 
DKD (at least in people with DKD due to type 1 
DM), there are many variations for the majority 
of patients whether they have type 1 or type 2 
DM [32]. For example, the decline in eGFR that 
has been thought to occur in following the devel-
opment of increased urine albumin level does not 
always occur. Indeed, there are a variety of pat-
terns that occur after developing an increased 
urine albumin level. Some people revert to nor-
mal urine albumin levels, some stay at the same 
level, and some have increases in the urine albu-
min level [5, 33–35]. And the association of GFR 
decline with albuminuria is variable as well. GFR 
may stay stable or decline completely indepen-
dent of the urine albumin level [5, 33–35]. In 
general, the higher the urine albumin level, the 
more likely the GFR will decrease. And the best 
current marker of future decline in GFR is a con-
tinuously rising urine albumin level. Of note 
though GFR may decline even in the absence of 
elevated urine albumin [5, 33–35]. Hence the 

development of increased urine albumin should 
raise the concern that the GFR might decline in 
the future, but it is not definite that GFR will 
decline. Also the absence of an increase in urine 
albumin should not lead to complacency that 
there is no DKD in a particular patient. One 
should be following eGFR as well as the urine 
albumin level. Hence health-care professionals 
should be vigilant in searching for DKD and not 
assume that there is a clear pattern that any par-
ticular patient will follow.

 Diagnosis

Diagnosis of DKD is done by measuring the urine 
albumin levels and by measuring the serum creati-
nine and calculating eGFR (the formulae are accu-
rate within 10–20% of true GFR). The diagnostic 
signs for DKD in a person with DM are an ele-
vated urine albumin and/or decreased eGFR asso-
ciated with a relatively bland urinalysis (Table 2.1). 
The urine albumin level should be measured at 
least once per year using the albumin/creatinine 
ratio preferably by collecting a spot urine and 
measuring the ratio of albumin/creatinine as this 
method has been shown to closely reflect the 

Table 2.1 Diagnosis of diabetic kidney disease

1.  Either increased urine albumin/creatinine ratio 
(>30 mg/g) or decreased eGFR (<60 ml/
min/1.73m2) in a person with diabetes

2.  Relatively unremarkable urine sediment analysis. 
None to few red blood cells or white blood cells

3.  Pathology: increased glomerular basement 
membrane thickening, tubular basement membrane 
thickening, and mesangial expansion

4.  Reasons to consider kidney diseases other than DKD:
  (a)  Development of kidney disease in a person with 

type 1 DM of less than 5-year duration
  (b)  Active urinary sediment (e.g., many white or red 

blood cells or many casts)
  (c)  Lack of diabetic retinopathy especially in a 

person with type 1 DM
  (d)  Rapidly declining eGFR or a change in pattern 

from a slow rate of decline to a rapid rate of 
decline in eGFR

  (e)  Normal urine albumin level in a person with 
decreased eGFR

  (f) Long-term well-controlled blood sugar
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24-hour urine albumin level [36]. Normal is 
<30  mg/g. If the level is elevated, it should be 
repeated in about 1 month as there are reasons for 
transient elevations such as exercise, pregnancy, 
urinary tract infection, congestive heart failure, 
sudden rise in blood pressure, and high blood 
sugar (Table 2.2). It is important to remember that 
measuring urine albumin level by urine dipstick is 
not an adequate screening test as it is a qualitative 
(not quantitative) test, and it is not sensitive 
enough to detect a low-level increase in the urine 
albumin level. One should always use the urine 
albumin/creatinine ratio test. It is also critical to 
calculate eGFR using one of the GFR formulae. 
Of note the Chronic Kidney Disease Epidemiology 
Collaboration eGFR formula (CKD-EPI) has been 
shown to predict cardiovascular and renal out-
comes better than other formulae [37].

It is important to remember that just because a 
person has DM and kidney disease does not mean 
that they have diabetic kidney disease (Table 2.1). 
Reasons to consider other causes of kidney dis-
ease in diabetic patients include:
 1. Short duration of DM. Kidney disease in a person 

with type 1 DM of less than 5 years duration.
 2. No diabetic retinopathy. In general (especially 

in people with type 1 diabetes), diabetic reti-
nopathy is diagnosed prior to the development 
of DKD.  Although there are many patients 
with DKD and no retinopathy, it should raise 

a concern for another kidney disease if there is 
no retinopathy.

 3. Active urinary sediment. Usually DKD has a 
bland urinary sediment or just a few red blood 
cells. If there are many red blood cells, white 
blood cells, or other substances in the urine, 
there should be concern that there is another 
cause of the kidney disease.

 4. Rapidly declining eGFR or rapidly rising 
urine albumin level. The usual rate of decline 
in eGFR for DKD patients is 2–5 ml/min/year, 
so if there is a very rapid rate, there may be 
another etiology of kidney disease. Similarly, 
urine albumin levels usually rise gradually in 
DKD patients and do not get to very high 
levels.

 5. Normal urine albumin level. Most patients 
with DKD have increased urine albumin level. 
But, as previously noted, this is not always 
seen, and people may have very advanced dis-
ease with low or normal urine albumin levels 
[33, 38].

 6. Excellent blood sugar control. If a DM patient 
has had long-term excellent blood sugar con-
trol (hemoglobin A1c of 6–8%), then that 
should raise the concern that there is another 
cause of kidney disease.
When should a patient see a nephrologist for 

diagnosis and possible kidney biopsy? A referral 
to a nephrologist for diagnosis need only be done 
if the primary care doctor or endocrinologist are 
concerned that a diagnosis other than DKD is 
responsible for the kidney disease. Hence there 
needs to be a clear understanding of the signs as 
noted above that would alert the physician to 
these other causes. The nephrologist would likely 
do a detailed history, urinary sediment analysis, 
possibly a kidney ultrasound, and possibly a 
number of serologic and other lab tests. The 
nephrologist will also consider whether a kidney 
biopsy should be done. Hypertension is the most 
common cause of kidney disease other than dia-
betes in people with DM, but studies have shown 
that all types of kidney disease have been diag-
nosed in people with DM [39]. Classic findings 
on biopsy for DKD are glomerular basement 
membrane thickening, mesangial expansion, and 
tubular basement membrane thickening followed 

Table 2.2 Screening and monitoring of DKD

1.  Measurement of urine albumin level with spot urine 
albumin/creatinine ratio (normal <30 mg/g) at least 
yearly for screening. Repeat 1 month later if 
abnormal. Reasons for transient change in urine 
albumin level:

  (a) Strenuous exercise
  (b) Pregnancy
  (c) Urinary tract infection
  (d) Congestive heart failure
  (e) Rapid elevation in blood pressure
  (f) Hyperglycemia
2.  At least yearly measurement of serum creatinine 

and calculation of eGFR using preferably the 
CKD-EPI equation to screen for DKD

3.  Monitoring of DKD includes checking the urine 
albumin/creatinine ratio and calculating eGFR at 
each visit
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by glomerulosclerosis and tubular-interstitial 
fibrosis [40].

 Prevention and Treatment

Proven treatments for primary prevention of DKD 
are glucose control and blood pressure control 
(Table  2.3). Many studies have clearly demon-
strated a lower incidence of the development of 
DKD in people with better glucose control. The 
Diabetes Control and Complications Trial (DCCT) 
study [41] followed 1441 patients for a mean of 
6.5  years who were assigned to conventional or 
intensive treatment. Conventionally treated peo-
ple had an average hemoglobin A1c of 9.1%, and 
intensively treated people had an average hemo-
globin A1c of 7.2%. Intensive treatment decreased 
the development of microalbuminuria by 39%. The 
original cohort has been followed since then, and 
the 25-year follow-up Epidemiology of Diabetes 
Interventions and Complications (EDIC) study was 
reported recently [42]. After the original 6.5 years, 
both groups were treated the same with an aver-
age hemoglobin A1c of 7.9%. Thus in the EDIC 
study, the only difference between the two groups 

occurred during the first 6.5  years. The original 
intensively treated group had 50% less development 
of microalbuminuria and 50% less development of 
an eGFR of <60 ml/min/1.73m2 as compared to the 
original conventional group 25 years later. Hence 
tight control of blood glucose as early as possible 
has long-term benefits for the prevention of DKD in 
people with type 1 DM. Similar findings have been 
found for people with type 2 DM in studies such as 
the United Kingdom Prospective of Diabetes Study 
(UKPDS) [43].

Blood pressure control is also very important 
for the primary prevention of DKD. As has been 
well documented, hypertension alone causes kid-
ney disease [44]. At the time of writing of this 
chapter, there is much debate as to the best blood 
pressure levels for prevention and for treatment of 
DKD. Since 2008, influential, large hypertension 
and diabetes studies have been published. The 
Action to Control Cardiovascular Risk in Diabetes 
study is typical of these studies in that they were 
primarily focused on cardiovascular risk in people 
already at high risk for cardiovascular disease 
[45]. In ACCORD and other studies, it appeared 
that a systolic blood pressure of 120 mm Hg was 
not better than 135 mm Hg for reducing cardiovas-
cular outcomes. Moreover a systolic blood pres-
sure of <115 mm Hg appeared to lead to worse 
cardiovascular outcomes in some of the studies 
[46]. Hence many guideline committees changed 
their recommendations for optimal blood pressure 
control from <130/80 to <140/80 or <140/90, but 
these studies were not DKD studies. Studies in 
DKD suggest that lower blood pressure is better 
both for prevention and treatment [20, 47, 48]. 
Hence, 130/80 seems to be a better goal than 
140/80 as it is possibly more protective for the 
development of DKD. Moreover in ACCORD and 
other studies, although there was not a cardiovas-
cular benefit for lower blood pressures, there was a 
significant stroke prevention benefit. So it seems 
that 130/80 is an excellent blood pressure goal that 
can prevent many diabetic complications in addi-
tion to providing cardiovascular protection and 
stroke protection. In the future, it is likely that the 
guideline  committees will be again recommending 
a blood pressure of 130/80 for prevention of DKD.

Table 2.3 Prevention and treatment of diabetic kidney 
disease

1. Prevention
  (a)  Blood glucose control – aim for a hemoglobin 

A1c of <7%
  (b) Blood pressure control – aim for 130/80
  (c) No clear unique role for RAAS inhibitors
2. Treatment
  (a)  Blood glucose control – goal for hemoglobin 

A1c of 7%
  (b) Blood pressure control – goal is 130/80
  (c)  Use RAAS inhibitors if urine albumin level is 

elevated. Goal is to lower urine albumin level to 
at least <300 mg/g

  (d)  Consider using combination of ACE-I with 
aldosterone antagonist or ARB with aldosterone 
antagonist

  (e)  Routine use of low-protein diets has unclear 
benefit (<0.8 g/kg/day)

  (f) Avoid high-protein diets (>1.5–2.0 g/kg/day)
  (g)  Smoking cessation and weight loss also may 

slow progression of DKD
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Some have proposed that blockers of angio-
tensin II, specifically ACE inhibitors (ACE-I) 
or angiotensin receptor blockers (ARBs), 
should be used to prevent the development of 
DKD. Although there is very clear evidence for 
activation of the renin-angiotensin-aldosterone 
system (RAAS) in people with DM, there is lit-
tle to no evidence that using these medications 
prevents the development of DKD. An excellent 
study on type 1 DM patients (where ACE-Is and 
ARBs were compared to placebo for prevention 
of DKD over 5  years) observed no benefit for 
ACE-Is or ARBs for the either the development 
of albuminuria but more importantly for the pre-
vention of pathological changes in the kidney as 
determined by kidney biopsy at the start of the 
study and at the end of the study [49]. In type 2 
DM, some studies reported prevention of DKD 
using an ACE-I or ARB [50, 51]. But the stud-
ies that seemed to show prevention using RAAS 
inhibition had higher starting blood pressures 
than large studies that showed no benefit [52]. 
Thus the studies reporting a beneficial effect may 
have been due more to a blood pressure lower-
ing effect rather than due to a unique effect of 
the RAAS inhibitors. At this time, the main treat-
ments to prevent development of DKD are blood 
glucose control (aim for a hemoglobin A1c of 
7%) and blood pressure control (aim for 130/80), 
and there is no unique role for RAAS inhibitors 
for the primary prevention of DKD.

For treatment of DKD, there are three major 
goals: blood sugar control, blood pressure con-
trol, and lowering of the urine albumin level 
(Table  2.3). Many studies have validated the 
importance of blood sugar control for people 
with DKD [42, 53]. In general the hemoglobin 
A1c goal is 7%. Although there are no specific 
medications that lower blood sugar that  
are uniquely beneficial for treating DKD, there 
are trials of newer agents being done. Studies are 
ongoing for DPP-4 inhibitors (CARMELINA 
study – Cardiovascular and Renal Microvascular 
Outcome Study With Linagliptin in Patients With 
Type 2 Diabetes Mellitus) and for SGLT-2 inhibi-
tors (CREDENCE study  – Evaluation of the 
Effects of Canagliflozin on Renal and 

Cardiovascular Outcomes in Participants with 
Diabetic Nephropathy) to determine if these 
classes of medications slow progression of DKD 
that are likely to be reported on in the years 
2018–2020. Recently the EMPA-REG trial 
reported dramatic reductions in cardiovascular 
mortality in participants taking the SGLT-2 
inhibitor, empagliflozin [54]. Intriguingly analy-
sis of the kidney data from the same study showed 
significant decreases in rate of decline of eGFR 
in the participants [55]. Most of the participants 
in this study had normal eGFR so this may indi-
cate that empagliflozin may have a role in pre-
vention, but it is not clear yet if empagliflozin has 
a role in treatment of established DKD.  The 
CREDENCE study is a combined renal and car-
diovascular study and includes patients with 
lower eGFRs.

As with primary prevention of DKD, blood 
pressure control is of great importance for the 
treatment of DKD. As previously noted for pri-
mary prevention, the blood pressure goal is con-
troversial and based on studies primarily 
designed to assess cardiovascular risk. But some 
recent analyses have offered new insights on the 
best blood pressure for DKD. For example, the 
VA NEPHRON-D (Diabetes in Nephropathy 
Study) study suggests that at least <140 mm Hg 
and likely <130/80 mm Hg lead to better out-
comes for DKD patients [47]. Analysis of the 
slope of decline in eGFR as a factor of the blood 
pressure showed that rate of eGFR declined as 
systolic blood pressure declined. Clearly 130–
139 mm Hg was better than >140 mm Hg, but 
there was also a clear trend for slowing of eGFR 
decline below 130  mm Hg. Although current 
recommendations are to aim for <140/80 mm 
Hg if there are low levels of urine albumin/cre-
atinine ratio (<300 mg/g) and <125/75 mm Hg 
if there are higher levels of the urine albumin/
creatinine ratio, it seems that 130/80 mm Hg or 
better is the more appropriate target for DKD 
patients.

Although RAAS inhibitors do not have a 
unique role for prevention of DKD, there are 
many studies showing a major benefit for slowing 
progression if the patient has high levels of urine 
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albumin/creatinine ratio (>300  mg/g) [56]. 
Lowering urine albumin appears to not only slow 
progression of DKD but is likely to lower the risk 
of cardiovascular events [2]. Indeed all patients 
with increased urine albumin level may well ben-
efit from being on an RAAS inhibitor. In addition 
to ACE-Is and ARBs, the renin inhibitor, aliski-
ren, has been shown to be effective in lowering 
urine albumin level [57]. Of great interest is aldo-
sterone blockade, as elevated aldosterone has 
many deleterious side effects [58] and blocking 
aldosterone has both cardiovascular and kidney 
benefits. There is an ongoing trial with a new 
aldosterone blocker called finerenone that will 
determine whether the addition of finerenone to 
ACE-I or ARB will improve cardiovascular and/
or kidney outcomes in people with diabetes [59]. 
This trial is likely to be reported in 2019 or 2020.

There has also been much interest in com-
bining RAAS agents for greater effect. Large 
studies have suggested that the combination is 
not more effective than these agents alone and 
may be more dangerous in combination [60, 
61]. But there are questions about the inclusion 
criteria in these studies, and there still may be 
a role for combining these medications to help 
treat DKD. For example, a recent meta-analysis 
determined that the combination of ACE-I and 
ARB was more protective than either agent alone 
with respect to progression to end-stage kidney 
disease [62]. And there is also a study called 
Preventing ESRD in Overt Nephropathy of Type 
2 Diabetes (VALID), which is evaluating bena-
zepril and valsartan in combination that is to be 
reported on in 2017. At this time it is not clear 
what recommendation to make with regard to 
combining ACE-Is and ARBs. Hopefully VALID 
and other studies will provide more insight. One 
other class of antihypertensives that have been 
shown to have a modest albumin-lowering effect 
is the non-dihydropyridine medications diltiazem 
and verapamil [63]. Hence if a patient cannot take 
a RAAS inhibitor (e.g., high potassium, allergy, 
etc.), one of these agents may be considered.

Many have suggested that low-protein diets 
are of use in slowing progression of DKD based 
on the animal studies. A low-protein diet is often 

defined as <0.8 g/kg/day. Studies in humans have 
not been impressive or compelling, and often 
there is another explanation for the positive effect 
such as lowering salt intake and lowering blood 
pressure [30]. Hence routine use of a low-protein 
diet cannot be recommended. Studies will never 
be done on the possible risks of a high-protein 
diet, but there is enough evidence from animal 
studies and from very few human studies that a 
high-protein diet in people with DKD may accel-
erate decline in eGFR [64]. Thus it is best to avoid 
a high-protein diet which may be defined as >1.5–
2.0 g/kg/day although the exact level of what con-
stitutes a high-protein diet is not clearly defined.

 Complications of Chronic Kidney 
Disease

Chronic kidney disease including DKD has a 
number of associated co-morbidities. The pres-
ence of chronic kidney disease and DM leads to 
even higher prevalence of these comorbidities. As 
previously noted, there is a very strong associa-
tion between the development of DKD and car-
diovascular disease [2]. Many studies have shown 
that even a small increase in the urine albumin 
level leads to increased cardiovascular events and 
cardiovascular mortality. In addition, decreasing 
eGFR is also associated with highly significant 
increases in cardiovascular events and death [3]. 
The combination of increased urine albumin level 
and decreased eGFR has an additive and possibly 
synergistic effect leading to even a higher inci-
dence of cardiovascular events. As previously 
noted, most CKD patients (even more so in DKD 
patients) have a much higher chance of dying a 
cardiovascular death than getting to dialysis.

Anemia [65] and possibly secondary hyper-
parathyroidism occur at higher eGFRs in DKD 
patients as compared to nondiabetic CKD 
patients (Table 2.4). This is likely due to the com-
bined effect in people with DM of loss of kidney 
tissue (primary cause of these complications seen 
in all CKD patients) and the deleterious effect of 
hyperglycemia on the enzymes in the remaining 
cells that impairs these metabolic processes. 
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Anemia occurs due to a combination of less 
 production of erythropoietin (red blood cell 
growth factor that is produced in the kidney) and 
to decreased absorption of iron in part due to 
increased hepcidin levels [66]. Secondary hyper-
parathyroidism occurs for a variety of reasons, 
but a major one is decreased number and function 
of the 1-α-hydroxylase proteins in the kidney 
proximal tubule cells that activate vitamin D and 
regulate parathyroid hormone [67]. The decreased 
number of 1-α-hydroxylase is due to loss of kid-
ney tissue and decreased function due to the 
effects of hyperglycemia [67]. Hence in a patient 
with DKD, it is very important to screen for car-
diovascular disease, anemia, and hyperparathy-
roidism and treat as indicated.

 Conclusions

There is an epidemic rise in the number of people 
with DKD.  All physicians caring for diabetic 
patients need to understand how to optimally 
manage these patients to help prevent the devel-
opment of DKD. It is also critical to screen for 

DKD and to aggressively implement treatments. 
Early and aggressive treatments do not cure 
DKD, but current treatments can significantly 
slow both the development of DKD and slow 
progression of DKD.
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 Introduction

Maintenance dialysis patients, with or without 
diabetes, may experience both hypo- and hyper-
glycemia through multifactorial mechanisms 
related to kidney dysfunction, the uremic envi-
ronment, and dialysis [1–4].

In many chronic kidney disease (CKD) patients 
with established diabetes mellitus, a decline in 
insulin requirements and even spontaneous hypo-
glycemia can occur [5]. The reasons for alterations 
in glucose homeostasis involve various mecha-
nisms related to both decreased kidney function 
and dialysis therapies. Maintaining consistent gly-
cemic control is difficult in end-stage kidney dis-
ease (ESKD), specifically because of altered 
glucose metabolism, fluctuating insulin resistance, 
impaired insulin secretion, and decreased insulin 
degradation; the effects of dialysis on drug metab-
olism further complicate glycemic management. 

In addition, it is also not uncommon to observe 
wide intra-patient variability on a day-to-day basis 
with regard to food intake, adherence to glycemic 
control drugs, and cognitive function relative to 
the dialysis schedule. These factors create unique 
challenges for glycemic control, as well as increase 
the risk of hypoglycemia in ESKD. Factors associ-
ated with hypo- and hyperglycemia in patients 
with ESKD are shown in Fig. 3.1 [1]. The focus of 
this chapter is to summarize these aspects of the 
management of hypoglycemia and hyperglycemia 
in patients with kidney disease.

 Glucose Homeostasis in Kidney 
Disease

 Clearance of Insulin

The renal clearance of insulin significantly 
exceeds the glomerular filtration rate (GFR), 
indicating the significant uptake and degrada-
tion of insulin in the peritubular epithelial and 
endothelial cell membranes. The renal clearance 
of insulin changes minimally until the GFR is 
less than 40 mL/min and is significantly dimin-
ished once the GFR declines below 15–20 mL/
min [5].

The impaired degradation of insulin in non-
renal tissues, such as the liver and muscle, con-
tributes to the prolonged half-life of insulin in 
uremia. The metabolic clearance rate of insulin is 
prolonged in ESKD but can be normalized by 
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hemodialysis. The accumulation of dialyzable 
uremic toxins due to the progressive loss of renal 
function may inhibit the insulin degradation sys-
tem, especially by the liver, which normally 
removes ~50% of the insulin secreted into the 
portal circulation [6]. Therefore, patients with 
impaired kidney function are prone to hypogly-
cemia because of the delay in the metabolism and 
excretion of both insulin and oral hypoglycemic 
agents.

 Hypoglycemia Due to Antidiabetic 
and Other Agents

Among the oral hypoglycemic agents, sulfonyl-
ureas stimulate insulin secretion and tend to 
induce hypoglycemia, which upon development 
is prolonged. Accordingly, some of them are con-
traindicated in dialysis patients [7–9]. Therefore, 

the adjustment of antidiabetic agent doses is rec-
ommended in patients with CKD.

Exogenous insulin is primarily excreted by the 
kidney, while endogenously secreted insulin is 
degraded by the liver (18). After being freely fil-
tered by the glomerulus, insulin is reabsorbed 
principally by the proximal tubule and to a lesser 
extent by the peritubular endothelial cells, where 
it is degraded into peptide fragments. Intensive 
insulin therapy can help to achieve target glyce-
mic control but also increases the risk of severe 
hypoglycemia in patients with kidney impair-
ment. Total insulin requirements decrease by 
25% when the estimated GFR (eGFR) falls below 
50 mL/min/1.73m2 and by a further 50% when it 
falls below 10  mL/min/1.73m2 [10–12]. 
Moreover, rapid glycemic control through inten-
sive insulin therapy may worsen retinopathy and 
neuropathy [13]. To prevent hypoglycemia, 
 education in the self-monitoring of blood glucose 

Decrease of gluconeogenesis in
the kidney

Decrease of  insulin clearance
by kidney

Decrease of metabolism and
clearance of drugs

Loss of diet intake due to uremia

Diffusion of glucose into
erythrocytes

Hemodialysis-induced
hypoglycemia

Insulin resistance

Increase of insulin clearance
by hemodialysis

Secretion of counter
regulatory hormones

Prolonged half-life
of insulin

Hemodialysis-associated
hyperglycemia

Hypoglycemia Hyperglycemia

Absence of excess glucose
excretion by kidney 

Diabetes per se

Glucose loss into the dialysate

Fig. 3.1 The factors associated with the alteration of glucose homeostasis in dialysis patients. (Reproduced from Abe 
and Kalanter-Zadeh [1], with permission of Nature Publishing Group)
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should be provided to patients in addition to 
appropriate hypoglycemia management [14].

In addition to antidiabetic medications, agents 
such as propranolol, salicylates, and disopyra-
mide are common causes of hypoglycemia [15]. 
Additional triggering events include alcohol con-
sumption, sepsis, chronic malnutrition, acute 
caloric deprivation, gastroparesis, concomitant 
liver disease, and congestive heart failure. The 
risk of hypoglycemia is increased in diabetic 
patients receiving β-blocking medication, which 
impairs gluconeogenesis.

 Decreased Gluconeogenesis 
in the Kidney

Although diet is usually the main source of glu-
cose, it can be produced endogenously by glyco-
genolysis and gluconeogenesis during fasting to 
maintain plasma glucose levels [16–18]. 
Glycogenolysis involves the breakdown of gly-
cogen to glucose-6-phosphate and its subsequent 
hydrolysis by glucose-6-phosphatase to glucose; 
gluconeogenesis involves the formation of 
glucose- 6-phosphate from a variety of precursors 
such as lactate, glycerol, and amino acids and its 
subsequent hydrolysis by glucose-6-phosphatase 

to glucose. However, activities of gluconeogenic 
enzymes and glucose-6-phosphatase sufficient to 
contribute significant amounts of glucose via 
endogenous production are present only in the 
liver and kidney. Because the kidney usually 
stores modest quantities of glycogen and the 
renal cells that store glycogen lack the glucose- 6- 
phosphatase required for glycogenolysis, renal 
glucose production is thought to be principally 
due to gluconeogenesis [19]. Furthermore, the 
kidney is responsible for up to 20% of all glucose 
production by contributing to ~40% of gluconeo-
genesis [20].

The early findings of neutral glucose produc-
tion by the kidney were likely because the kidney 
regulates glucose metabolism in the medulla and 
cortex differentially [21]. In this organ, the poorly 
vascularized, and hence relatively hypoxic 
medulla is a site of considerable glycolysis, 
whereas the cortex is the site for gluconeogene-
sis. Therefore, the net organ equilibrium of glu-
cose does not represent a lack of glucose 
production but rather the difference between the 
renal glucose release by the cortex and the renal 
glucose uptake by the medulla (Fig. 3.2) [18].

Renal gluconeogenesis varies in response to 
various stimuli including fasting, hypoglycemia, 
and diabetes. Renal gluconeogenesis is more 

Renal cortex

Renal medulla

Gluconeogenesis

Glycolysis

Glutamate

Glucose Pyruvate LactateOxaloacetate

Glycerol
Citrate

α-Keto-
glutarate

(1) (2)

(3)

(4)(5)(6)(7)
Phosphoenol-
pyruvate

Triose
phosphates

Fig. 3.2 Mechanisms underlying renal glycolysis and 
gluconeogenesis. The glycolytic enzymes (1) hexokinase, 
(2) phosphofructokinase, and (3) pyruvate kinase are pre-
dominantly localized in cells of the renal medulla. The 
key enzymes of gluconeogenesis, (4) pyruvate carboxyl-

ase, (5) phosphoenol pyruvate carboxykinase, (6) 
fructose- 1,6-biphosphatase, and (7) glucose 6-phospha-
tase, are found mainly in the renal cortical cells. (Adapted 
from Stumvoll et al. [21], copyright Springer-Verlag)

3 Glucose Homeostasis and the Burnt-Out Diabetes Phenomenon in Patients with Kidney Disease



30

 sensitive to the presence of insulin and catechol-
amines than is hepatic gluconeogenesis, whereas 
glucagon has little to no effect on renal gluconeo-
genesis but increases the hepatic production of 
glucose [22–24]. Unlike the liver, the kidney 
increases its release of glucagon after glucose 
ingestion, potentially contributing to postpran-
dial hyperglycemia in diabetic patients [22]. 
Hypoglycemia promotes renal gluconeogenesis 
by increasing the renal uptake of circulating glu-
coneogenic substrates.

Renal gluconeogenesis is therefore important 
not only for its contribution to maintaining nor-
mal glucose in the fasting state but also for its 
role in inducing diabetic postprandial hypergly-
cemia and the counteractive increase in glucose 
production seen in patients with diabetes. 
However, in many ESKD patients, the thinning of 
the renal cortex continues and gluconeogenesis is 
reduced. Therefore, when they experience hypo-
glycemic episodes, the episodes tend to be pro-
longed due to reduced gluconeogenesis by the 
renal cortex.

 Insulin Secretion and Insulin 
Resistance

Insulin resistance, as evidenced by the reduced 
sensitivity to the hypoglycemic action of exoge-
nous insulin, is common in patients with ESKD 
[25]. However, hepatic glucose production is nor-
mally suppressed in response to insulin in patients 
with ESKD.  This suggests a peripheral site for 
insulin resistance in ESKD. Since the adipose tis-
sue accounts for the disposal of <2% of the glu-
cose load, muscle tissue is likely to be the primary 
site of such resistance [26]. Furthermore, the 
accumulation of uremic toxins may cause or 
 contribute to insulin resistance in ESKD. A pep-
tide in the middle molecule range that induces 
insulin resistance in adipose cells has been par-
tially characterized from uremic serum and 
appears to be specific to uremia [27]. There is 
evidence that pseudouridine, which accumulates 
in the circulation of patients with renal failure, 
could be the uremic toxin that impairs insulin-
mediated glucose utilization at the level of cal-

cium required to modulate signal transduction of 
the insulin receptor [28].

Another contributing factor to insulin resis-
tance in ESKD patients may be poor physical fit-
ness [29]. Improved tissue oxygen supply and 
exercise tolerance in erythropoietin-corrected 
anemia have been shown to normalize hypergly-
cemia and glucose intolerance [30–32]. Insulin 
secretion appears to improve after the treatment 
of hyperparathyroidism and after the administra-
tion of active vitamin D [33]. The consequences 
of insulin resistance and deficiency in ESKD are 
complex and may influence patient outcomes 
beyond glucose homeostasis. Some studies 
showed that they were associated with muscle 
protein breakdown through the ubiquitin- 
proteasome pathway via the suppression of phos-
phatidylinositol- 3 kinase [34–36]. It suggests that 
insulin resistance and deficiency may contribute 
to protein-energy wasting (PEW) leading to 
higher mortality in the dialysis population [37].

Both chronic inflammation and malnutrition 
have been reported in patients on maintenance 
hemodialysis [37–40]. In particular, the link 
between inflammation and malnutrition and ath-
erosclerosis has enabled the identification of the 
malnutrition-inflammation-complex syndrome 
(MICS), which is associated with poor outcomes 
[41]. Increased insulin resistance and hyperinsu-
linemia may also cause accelerated atherosclero-
sis in uremic patients and possibly contribute to 
the pathogenesis of hypertension [42]. Insulin 
resistance, as measured by the homeostasis 
model assessment for insulin resistance 
(HOMA-IR), independently predicts cardiovas-
cular mortality in hemodialysis patients [43]. 
Therefore, inflammation is the common factor in 
insulin resistance, MICS, and the pathogenesis of 
atherosclerosis.

The elevated levels of C-reactive protein often 
observed in hemodialysis patients reflect the 
enhanced release of proinflammatory cytokines 
such as interleukin-6 and tumor necrosis factor- 
alpha (TNF-α), both of which promote cardio-
vascular disease through their role in endothelial 
dysfunction, oxidative stress, insulin resistance, 
and stimulation of adhesive molecules [44–46]. 
Furthermore, the cytokines secreted by  adipocytes 
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(adipocytokines) play important roles in insulin 
resistance; in fact, TNF-α and leptin have been 
shown to induce insulin resistance [47]. Diabetic 
patients on hemodialysis with MICS exhibit 
lower response to erythropoietin and higher resis-
tance to insulin [48]. This may explain the poor 
outcomes observed in these patients and demon-
strates the importance of diagnosis and therapeu-
tic management. Although insulin resistance 
leads to hyperglycemia in the general type 2 dia-
betes population, insulin resistance with PEW or 
MICS tends to result in hypoglycemia in the dial-
ysis population.

Recent evidence of the links between fibro-
blast growth factor 23 (FGF23) levels and inflam-
mation in CKD [49] implicates the regulation of 
FGF23  in preventing inflammation and insulin 
resistance. Therefore, in view of the relatively 
few established treatments for insulin resistance 
at this time, it is important to consider the optimal 
frequency, duration, dose, and modality of dialy-
sis treatment and the use of biocompatible mem-
branes and ultrapure dialysate as well as the 
nutritional status of the patients.

 Protein-Energy Wasting (PEW)

PEW is characterized by the loss of somatic pro-
tein stores (as reflected by the reduced low fat- 
free and edema-free mass and measures of 
muscle mass such as urinary or serum creatinine 
levels), decreased visceral protein levels (as indi-
cated by low serum albumin, transthyretin, trans-
ferrin, and cholesterol), and decreased energy 
stores (e.g., total body fat and/or glycogen) [50]. 
PEW occurs commonly in patients with diabetes 
mellitus who have ESKD and are undergoing 
maintenance hemodialysis therapy. Some, but 
not all, studies indicate that PEW is more preva-
lent in diabetic when compared with nondiabetic 
dialysis patients. The possible causes of PEW are 
listed in Table 3.1 [51]. The factors that induce 
PEW are linked to insulin resistance, including 
inflammation, acidemia, hormonal disorders, 
decreased physical conditioning, and oxidative 
stress. In particular, hormonal disorders in CKD 
can contribute to PEW in at least three ways: 

resistance to certain anabolic hormones including 
insulin, growth hormone, and insulin-like growth 
factor-I [33, 52]; increased serum levels of some 
catabolic hormones, including glucagon and 
parathyroid hormone [53]; and the deficiency of 
some anabolic hormones such as the deficiency 
of 1,25-dihydroxycholecalciferol, a common 
sequelae of CKD, which may induce muscle 
wasting [53].

Since diabetic patients are more likely to sus-
tain catabolic events such as cardiovascular dis-
eases, the likelihood that they will develop PEW 
and that their PEW may be more severe in com-
parison with the nondiabetic ESKD patients is 
increased. It is possible that hyperglycemia in the 
ESKD patient may in and of itself promote 
PEW.  Diabetic ESKD patients are also more 
likely to develop gastroparesis with episodes of 
anorexia, nausea, or vomiting [50].

Insulin is a strong anabolic hormone for pro-
tein, fat, and glycogen accrual, and deficiency or 

Table 3.1 Causes of PEW in diabetic dialysis patients

Causes of PEW in both diabetic and nondiabetic 
ESKD patients
1. Inflammation
2.  Illness or trauma that anteceded ESKD and that 

may be unrelated to CKD
3. Inadequate nutrient intake
4. Losses of nutrients during the dialysis procedure
5. Acidemia
6.  Hormonal disorders (e.g., resistance to insulin, 

growth hormone and IGF-I, hyperparathyroidism, 
hyperglucagonemia, low 
1,25-dihydroxycholecalciferol)

7. Decreased physical conditioning
8. Oxidative and carbonyl stress
Specific contribution of diabetes mellitus to PEW in 
ESKD patients
1. Increased comorbidity of the diabetic ESKD patient
2. Hyperglycemia
3.  Gastroparesis and other autonomic gastrointestinal 

disorders
4. Deficiency of insulin
5. Resistance to insulin
6.  Increased serum levels of the counter-regulatory 

hormones, glucagon, epinephrine, and cortisol

Adapted from Noori and Kopple [51], with permission of 
Wiley
CKD chronic kidney disease, ESKD end-stage kidney dis-
ease, PEW protein-energy wasting
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resistance to insulin may also promote PEW [54–
56]. Insulin deprivation in patients with insulin- 
dependent diabetes mellitus is associated with 
the elevated levels of plasma amino acids, 
increased protein turnover and protein oxidation, 
and negative nitrogen balance [57, 58]. Serum 
levels of the counter-regulatory hormones, gluca-
gon, growth hormone, epinephrine, and cortisol, 
may increase during insulin deprivation [59]. 
Studies in healthy subjects have shown that, dur-
ing insulin deficiency, glucagon increases the 
energy expenditure, protein breakdown, and leu-
cine oxidation and is catabolic during a protein 
meal [60, 61]. Although epinephrine can produce 
long-term elevations of metabolic rate, its effects 
on protein metabolism are minimal beyond the 
acute changes affecting amino acid levels [62]. 
Increases in the circulating levels of cortisol 
within the physiologic range may increase pro-
tein breakdown and leucine oxidation, but the 
serum cortisol levels are typically unchanged 
during short-term insulin deficiency [63]. Growth 
hormone stimulates protein synthesis, antago-
nizes the antiproteolytic activity of insulin, and 
inhibits leucine oxidation [64].

 Burnt-Out Diabetes Phenomenon

In diabetic dialysis patients with a presumptive 
diagnosis of diabetic nephropathy, glycemic con-
trol improves spontaneously with the progression 
of CKD, loss of residual kidney function, and the 
initiation of dialysis therapy, leading to normal- 
to- low levels of glycated hemoglobin (HbA1c) 
and glucose irrespective of treatment; this phe-
nomenon is commonly observed and is referred to 
as “burnt-out diabetes” [1–4]. In a study of 23,618 
diabetic dialysis patients from a large US dialysis 
organization, up to one-third were observed to 
have HbA1c levels <6% (Fig.  3.3) [65, 66]. 
Although many of those patients usually have 
full-blown sequelae of diabetes mellitus such as 
proliferative retinopathy, polyneuropathy, and 
peripheral vascular disease or other cardiovascu-
lar disorders, frequent hypoglycemic episodes 
may result in the discontinuation of insulin and 
oral antidiabetic agents [3, 4]. In this cohort, 
although higher HbA1c values were incremen-
tally associated with increased death risk after 
controlling for demographics and other confound-
ers, low HbA1c, especially <5%, was also associ-
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Fig. 3.3 Approximately one-third of diabetic dialysis patients have an average HbA1c level < 6%, referred to as “burnt- 
out diabetes.” (Adapted from Rhee et al. [92], with permission of Wiley)
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ated with poor survival. Others reported that about 
40% of 23,504 patients had HbA1c levels <6% 
and 37% of these patients were not administered 
insulin or oral hypoglycemic agents [67].

The reasons for those alterations in glucose 
homeostasis are multifactorial and involve vari-
ous mechanisms related to decreased kidney 
function and dialytic therapies (Fig. 3.4).

In dialysis patients, the life span of red blood 
cells is shorter (approximately 60 days), and blood 
loss and hemorrhage may occur during dialysis; by 
increasing the proportion of young erythrocytes in 
the blood, both anemia- and erythropoiesis-stimu-
lating agents can falsely lower the HbA1c level, 
which can lead to hyperglycemia being missed. 
Therefore, dialysis patients tend to show low 
HbA1c levels, which may underestimate glycemic 
control. Indeed, this phenomenon may be one of 
the causes of “burnt- out diabetes.” In contrast, the 

glycated albumin level is not significantly associ-
ated with the life span of red blood cells, hemoglo-
bin level, or erythropoiesis-stimulating agent dose 
in diabetic patients undergoing hemodialysis [68–
70]. Therefore, glycated albumin might be a better 
indicator of glycemic control than HbA1c in dia-
betic hemodialysis patients. Several studies have 
shown that higher glycated albumin levels are asso-
ciated with all-cause or cardiovascular mortality in 
diabetic hemodialysis patients [71–74]. Notably, 
there was no significant association between the 
average HbA1c levels and mortality in these sub-
jects. It is important to note that glycated albumin 
is not widely available and outcome studies are 
limited. Therefore, further clinical trials are needed 
to strengthen the basis of these suggestions, since 
many of the recommendations for the treatment of 
diabetes in dialysis patients are based on longer-
term studies of HbA1c levels.

↓ Renal clearance of insulin ↓ Hepatic clearance of insulin ↓ Insulin degradation

↑ Endogenous & exogenous
   insulin half-life 

↓ Renal gluconeogenesis

↓ Catecholamine release

↓ Food intake (anorexia, diabetic
   gastroparesis, etc.)

Protein-energy wasting

↓ Body weight & fat mass

Comorbid conditions
Hypoglycemia during HD 

Prescribed medication
(Insulin, SU, etc.)

Imposed dietary restriction

Burnt-out diabetes

Low HbA1c due to anemia
and ESA

Fig. 3.4 Diagram showing the potential contributors to the “burnt-out diabetes” phenomenon in dialysis patients
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 Hemodialysis-Related 
Hypoglycemia and Hyperglycemia

 Hemodialysis-Induced Hypoglycemia

Hypoglycemia occurs frequently in patients with 
ESKD, especially during hemodialysis treatment 
sessions, and is even more common in patients 
with diabetes mellitus [75, 76]. Asymptomatic 
hypoglycemia, which was defined as a serum 
glucose level below 72 mg/dL, occurs in approxi-
mately 40% of patients with or without diabetes, 
when using glucose-free dialysate [75]. It has 
been reported that 100 mg/dL glucose-containing 
dialysate solutions were preferable to glucose- 
free dialysate solutions for preventing acute 
hemodialysis-induced hypoglycemia and main-
taining good glycemic control in hemodialysis 
patients with and without diabetes. Currently, the 
use of 100 mg/dL glucose-containing dialysate is 
the standard procedure in many dialysis clinics. 
Typically, if the plasma glucose level exceeds 
100 mg/dL with the dialysate containing 100 mg/
dL glucose, the plasma glucose is expected to dif-
fuse from the blood to the dialysate across the 
concentration gradient. However, in reality, the 
glucose level at the post-dialyzer site decreases to 
<100 mg/dL in many hemodialysis patients due 
to the countercurrent passage of plasma through 
the dialyzer [77]. This decrease in blood glucose 
levels may be caused by diffusion of plasma glu-
cose into erythrocytes, probably due to the glu-
cose consumption resulting from the accelerated 
anaerobic metabolism, which was induced by 
changes in the cytoplasmic pH of erythrocytes 
during hemodialysis [78]. Thus, the use of 
glucose- free or low glucose dialysate is associ-
ated with a greater risk of developing hypoglyce-
mia than that with a high (≥100  mg/dL) 
glucose-containing dialysate.

 Metabolic Effects Associated 
with Glucose-Free Dialysate

Significant increases in β-hydroxybutyrate and 
acetoacetate are more likely after dialysis with a 
glucose-free dialysate than with a glucose- 
containing one [79]; this implies that the body 

tries to maintain an adequate blood glucose con-
centration when a glucose-free dialysate is used 
and does this by changing to a more catabolic 
state of gluconeogenesis and glycogenolysis. 
This is why levels of lactate and pyruvate, sub-
stances important for gluconeogenesis, are lower 
under such circumstances. The energy for gluco-
neogenesis is provided by the subsequent signifi-
cant increases in the β-hydroxybutyrate and 
acetoacetate levels that occur secondary to fatty 
acid oxidation [79]. Several studies investigating 
the association between the metabolic effects of 
glucose-free dialysate solutions have revealed 
that patients enter a catabolic state similar to a 
fasting state [80]. During a glucose-free dialysis 
session, 15–30  g of glucose is removed from 
patients, and this can result in clinically evident 
or undiagnosed hypoglycemia [81–83]. This drop 
in glucose concentration is counteracted by 
endogenous glucose production that occurs 
through gluconeogenesis and glycogenolysis. 
Patients without diabetes can usually tolerate this 
state, whereas those with malnutrition or a weak-
ened physical state often cannot, which increases 
their hypoglycemic risk. Diabetic dialysis 
patients are at higher risk for hypoglycemia, par-
ticularly those who have been receiving long- 
acting insulin or oral hypoglycemic agents. 
Therefore, the use of a dialysate fluid that con-
tains glucose reduces anaerobic metabolism and 
interrupts the vicious cycle that eventually leads 
to hypoglycemia in the short term and neurologi-
cal deficits in the long term [84–86].

 Hemodialysis-Associated 
Hyperglycemia

Anuric ESKD patients are vulnerable to post-
prandial hyperglycemia, since they cannot 
excrete excess plasma glucose in the urine.

 Insulin Removal by Hemodialysis

Theoretically, plasma insulin can be removed by 
diffusion and/or convection because insulin is a 
small peptide hormone (molecular weight, 
6.2 kDa) and the protein binding rate of plasma 
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insulin is 1%. Accordingly, the concentration 
gradient in hemodialysis may be responsible for 
the removal of plasma insulin. In 1976, it was 
reported that a small amount of insulin crossed 
the membrane during hemodialysis [87], sug-
gesting that insulin might be dialyzed to a certain 
extent when the gradient is exceedingly high. The 
study used a cuprophane membrane dialyzer as a 
low-flux membrane. However, when high-flux 
membranes were used, studies report that the 
plasma insulin level after leaving the dialyzer 
was significantly decreased compared with the 
level before entering it and that the clearance of 
insulin differed with different types of mem-
branes [88, 89]. Furthermore, whether the 
removal mechanism is diffusion, convection, or 
adsorption remains to be elucidated. Recently, 
plasma insulin clearance by hemodialysis has 
been shown to be mainly due to adsorption, 
which involves electrostatic as well as hydropho-
bic interactions between the membranes and 
insulin [90]. Plasma insulin removal is therefore 
highly significant in the case of diabetic hemodi-
alysis patients with low C-peptide levels, particu-
larly in those with type 1 or 2 diabetes and 
deteriorated β-cell function [89].

 Hemodialysis-Associated 
Hyperglycemia Resembling 
the Somogyi Effect

In humans with a tendency toward a hypoglyce-
mic state, plasma glucose levels are maintained 
by the decreased secretion of insulin and the 
increased secretion of counter-regulatory hor-
mones such as glucagons, adrenocorticotropic 
hormone, and cortisol [91]. During hemodialy-
sis, plasma glucose diffuses across the concen-
tration gradient from blood to the dialysate. In 
addition, the plasma glucose level at the post-
dialyzer site decreases to less than the glucose 
concentration of the dialysate, possibly as a 
result of diffusion of plasma glucose into eryth-
rocytes. A decrease in endogenous insulin secre-
tion in response to the decrease in plasma 
glucose level together with the adsorption of 
insulin by the dialyzer results in a decrease in 
plasma insulin level during hemodialysis. 

Counter-regulatory hormones are secreted in 
response to the hypoglycemic state resulting 
from the hemodialysis session. The combination 
of a relative and absolute lack of insulin after 
hemodialysis, the counter- regulatory hormone 
response, and the postprandial state leads to 
hemodialysis-associated hyperglycemia [1]. 
This phenomenon is similar to the Somogyi 
effect. Therefore, to maintain good glycemic 
control in diabetic hemodialysis patients, hypo-
glycemia during hemodialysis should be avoided 
by using a glucose-containing dialysate; this pre-
vents the counter-regulatory hormones from 
being secreted and decreases the blood glucose 
levels pre-dialysis so as to minimize fluctuation 
during hemodialysis.
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 Introduction

The growing incidence and prevalence of dia-
betes mellitus (DM) has made a notable impact 
on the development of diabetic kidney dis-
ease (DKD) [1]. Comorbid DM and chronic 
kidney disease (CKD) are common, with DM 
contributing to a large proportion of cases of 
end-stage renal disease (ESRD) in developed 
countries [2]. While “intensive” glycemic 
management has been shown to delay the onset 
and progression of increased urinary albumin 
excretion and reduced eGFR in DM patients 
[3], conservative dose selection and adjustment 
of antidiabetic medications is necessary to bal-
ance achievement of glycemic goals with risks 
of overtreatment. Patients with stage 3–5 CKD 
(eGFR levels <60  ml/min/1.73  m2) are well 
established as having a higher risk for experi-
encing hypoglycemic events. Factors that may 
contribute to this increased risk can include 
slowed elimination of hypoglycemic agents, 
acute caloric deprivation, chronic malnutrition, 

and decreased renal gluconeogenesis as kidney 
function declines, among other potential con-
tributing factors [4–6]. In terms of antihyper-
glycemic therapies, many currently available 
agents are dose adjusted in the setting of kid-
ney disease due to altered drug pharmacokinet-
ics or other disease-specific factors [4]. Renal 
safety profiles of individual antihyperglycemic 
agents are additional factors that must be con-
sidered. To further complicate glycemic man-
agement in DKD, the accuracy of glycemic 
control metrics is to a large degree unclear as 
are optimal glycemic targets. This article will 
review currently available indices of glycemic 
control, consideration related to their use in 
DKD, and associated considerations when set-
ting glycemic goals in patients with diabetes 
and kidney disease.

 Glycemic Metrics and Their Role 
in Kidney Disease

A variety of factors associated with kidney dis-
ease and/or the uremic state can impact the accu-
racy and interpretation of indices of glycemic 
control. The following provides a discussion of 
measures such as glycated hemoglobin, glycated 
albumin, fructosamine, 1,5-anhydroglucitol, and 
continuous glucose monitoring with an emphasis 
on considerations pertinent in the setting of DKD 
(see Table 4.1).
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 Glycated Hemoglobin (A1C)

Glycated hemoglobin (A1C) represents the frac-
tion of hemoglobin bound to glucose. A1C values 
have been the “gold standard” marker of glyce-
mic control for several decades, yet it has signifi-
cant limitations related to precision and 
interpretation in the DKD population [9]. 
Variability in erythrocyte turnover is a major 
cause of A1C imprecision in the setting of kidney 
disease (see Table  4.2). Erythrocyte survival 
times become shorter as estimated glomerular fil-
tration rate (eGFR) falls, resulting in a reduction 
in measured A1C.  Treatment with erythrocyte- 
stimulating agents (ESAs) can also contribute to 
a lowering of A1C, perhaps due to a combination 
of an overall “younger” erythrocyte pool and 
associated changes in hemoglobin concentrations 
[11, 12]. Iron replacement therapy has addition-
ally been linked with a decrease in A1C, with 
ESA- and iron replacement-associated A1C 
declines occurring independent of changes in 
glycemic control [13, 14]. On the contrary, 
decreased erythropoiesis due to a deficiency in 
iron or vitamin B12 can lead to a relative increase 
in circulating aged erythrocytes, thus resulting in 

Table 4.1 Comparison and contrast of glycemic control measures in DKD [7, 8]

Glycemic measure
Approximate period 
of assessment Key strengths Potential limitations

Glycated 
hemoglobin (A1C)

2–3 months Routinely available in clinic 
laboratories
Scientific evidence on association 
with diabetes- related outcomes

Values can be falsely altered 
depending on erythrocyte 
turnover and other factors  
(see Table 4.1)

Glycated albumin 
(GA)

2–3 weeks Not influenced by altered 
hemoglobin levels or altered 
erythropoiesis

Limited data on relationship 
to outcomes
Not widely available in clinic 
laboratories

Fructosamine 10–14 days Not influenced by altered 
hemoglobin levels or altered 
erythropoiesis

Limited data on relationship 
to outcomes
Not widely available in clinic 
laboratories

1,5-anhydroglucitol 
(1,5-AG)

1–2 weeks Sensitive to day-to-day fluctuations 
in glucose
Relatively accessible in clinic 
laboratories

Limitations for use in subjects 
with renal tubular acidosis 
and advanced kidney disease

Continuous glucose 
measurement 
(CGM)

Continuous Theoretical best measure of 
glycemic control
Allows for examination of short-
term glycemic changes around the 
time of dialysis

Limited data

Table 4.2 Key factors known to influence glycated 
hemoglobin (A1C) levelsa

Physiological states
Aging
Pregnancy

Hematological conditions Anemia
Accelerated erythrocyte 
turnover
Thalassemia
Sickle cell disease
Reticulocytosis
Hemolysis

Drugs/medications Alcohol
Opioids
Vitamin C
Vitamin E
Aspirin
Erythropoietin
Dapsone
Ribavirin

Other disease states HIV infection
Uremia
Hyperbilirubinemia
Dyslipidemia
Cirrhosis
Hypothyroidism

Medical therapies Blood transfusion
Hemodialysis

aAdapted from Hirsch et al. [10]
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a rise in measured A1C independent of glycemia 
[15]. Additional factors relevant to the kidney 
disease population that may contribute to an arti-
ficial fall in A1C include the uremic environment, 
blood pH, and receipt of blood infusions. When 
assessed in patients receiving peritoneal dialysis, 
the association between A1C and blood glucose 
was found to differ from that expected in patients 
with normal kidney function [16], with the poten-
tial for A1C levels to measure falsely low in 
patients receiving either hemodialysis or perito-
neal dialysis [13].

Further complicating the use of A1C in gen-
eral is the finding that certain patients considered 
to have “good” glycemic control per generally 
accepted A1C targets still develop complications, 
while other individuals with poorer A1C values 
remain free of complications [17]. While the 
landmark Diabetes Control and Complications 
Trial (DCCT) did find that intensified control in 
patients with type 1 diabetes mellitus (T1DM) 
reduced the risk of progression of retinopathy by 
76%, A1C and duration of diabetes explained 
only about 11% of the variation in retinopathy 
risk observed in the study population [18–20]. 
This finding begs the question of what factor or 
factors contribute the remaining 89%. These 
findings may additionally be driven by the fact 
that a given A1C value may reflect very different 
average glucose values from one individual to the 
next. Table 4.3 summarized data obtained from 
an analysis of the A1c-Derived Average Glucose 
(ADAG) Study [9]. As can be appreciated in the 
table when considering the 95% confidence inter-
vals established for each A1C value (these sub-

jects had normal renal and hepatic function and 
did not have anemia or iron deficiency), an indi-
vidual with an average glucose of 170  mg/dL 
could have an A1C of 9%, while another person 
with the same average glucose could have an 
A1C of 7%. These collective findings underscore 
not only the limitations of A1C in patients with 
DKD due to issues related to erythrocyte turn-
over and other disease-specific considerations but 
also a potential lack of reliability even when 
comparing individuals in the general diabetes 
population without kidney disease. One could 
speculate that with all of the issues noted above 
with red blood cell lifespan and ESAs in DKD, 
these 95% confidence intervals would only be 
wider in this population.

 Glycated Albumin (GA)

An emerging marker for glycemia is glycated 
albumin (GA), a ketoamine formed via nonenzy-
matic glycation of albumin. Because the half-life 
of albumin is approximately 15  days, GA is a 
reflection of mean glycemia over the previous 
2–3 weeks. Unlike A1C, GA measurements are 
not influenced by erythrocyte lifespan or use of 
ESAs [13]. GA levels can, however, be influ-
enced by age and nutritional status [21]. While 
outcome studies are limited, initial data suggests 
GA is associated with mortality and hospitaliza-
tion [22]. Freedman et  al. [22] followed 444 
patients with DKD over a median 2.3 years. The 
study found no association between glycemic 
control as measured by A1C or casual serum glu-
cose levels and survival. Higher GA levels in this 
study, however, were found to predict hospital-
ization and reduced survival in DKD patients 
receiving dialysis. Studies evaluating the utility 
of GA measurement in patients undergoing dial-
ysis have reported the measure to more accu-
rately reflect recent glycemic control when 
compared to A1C [13, 22, 23] which was 
 additionally reported to be the case in a study of 
pre- dialysis patients with DKD [24].

Unfortunately, GA is not generally available 
in the clinical setting in the United States. 
Notably, there exists a lack of clinical outcome 

Table 4.3 Average glucose values versus glycated hemo-
globin (A1C)a

A1C (%) Average glucose [mg/dL (95% CI)]
5 97 (76–120)
6 126 (100–152)
7 154 (123–185)
8 183 (147–217)
9 212 (170–249)
10 249 (192–282)
11 269 (217–314)
12 298 (240–347)

aAdapted from Nathan et al. [9]
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studies assessing GA levels with microvascular 
or macrovascular complications in diabetes, and 
the relationship between GA and A1C is not lin-
ear [4]. Therefore, GA levels cannot be extrapo-
lated to corresponding A1C levels to assess risks 
of complications.

 Fructosamine

Fructosamine has been proposed as an alternate 
glycemic biomarker in settings where A1C is 
less reliable, such as in DKD. Whereas GA is 
a measure of glycated albumin, fructosamine 
is a measure reflecting total serum protein gly-
cation and is considered to correlate best with 
the average glucose levels occurring in the pre-
ceding 10–14 days. Because fructosamine is a 
measure of nonenzymatic glycation of proteins 
present in the same compartment as plasma 
glucose, fluctuations in measured fructosamine 
are believed to reflect plasma glucose fluctua-
tions [25]. While fructosamine is not altered by 
disorders of hemoglobin metabolism, factors 
that may influence fructosamine levels include 
plasma concentrations of bilirubin, urea, and 
uric acid, as well as serum protein concentra-
tion and profiles [26]. With the most abundant 
serum protein being albumin, hypoalbumin-
emia will result in low measured fructosamine 
levels, constituting a potential limitation in the 
setting of DKD [4]. Studies correlating fructos-
amine and mean glucose concentrations have 
found that calculated estimated average glu-
cose (eAG) from fructosamine may underesti-
mate mean blood glucose levels in patients with 
CKD stages 3–4 [27] and that fructosamine and 
glycated plasma proteins correlated poorly 
with glycemic control in hemodialysis patients 
[28]. Findings from the Choices for Healthy 
Outcomes in Caring for ESRD (CHOICE) 
study linked levels of fructosamine and GA 
with mortality and first cardiovascular event in 
a subgroup of DKD patients receiving dialysis 
[29]. Studies to date have included relatively 
small cohorts, however, with additional inves-
tigation of the role of fructosamine in patients 
with kidney disease warranted.

 1,5-Anhydroglucitol (1,5-AG)

1,5-anhydroglucitol (1,5-AG) is a sugar alcohol 
obtained via the diet that undergoes minimal deg-
radation or metabolism within the body [30]. 1,5- 
AG is lost via the urine with glucose and is 
dependent on the renal tubular threshold for glu-
cose reclamation. 1,5-AG is structurally very 
similar to glucose (see Fig. 4.1), and its reabsorp-
tion in the kidney competes with that of glucose. 
In turn, the renal reabsorption of 1,5-AG is inhib-
ited in the presence of glucosuria, resulting in a 
reduction of serum 1,5-AG concentration with 
repeated states of hyperglycemia [30]. This 
marker can be measured every 1–2 weeks, with a 
reduction in 1,5-AG indicative of increased 
hyperglycemic peaks during the day [30]. One 
limitation of A1C is that it cannot differentiate 
between individuals reaching target mean glu-
cose levels in the presence of considerable glyce-
mic variability and those with less pronounced 
glycemic excursions. 1,5-AG levels may provide 
an important measure of glycemic variability, 
which may predict hypoglycemia risk and con-
tribute to the development of long-term vascular 
complications [19, 31]. While there are no long- 
term data correlating 1,5 AG levels with micro- 
or macrovascular diabetes complications, there is 
a suggestion that abnormal levels in pregnant 
women with diabetes impact fetal outcomes, 
 particularly macrosomia, which is not surprising 
given the known detrimental effects of postpran-
dial spikes on the fetus [32].

Serum 1,5-AG levels can decline in the setting 
of DKD due to decreases in reabsorption that 
occur independent of urinary glucose excretion. 
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Fig. 4.1 Structures of 1,5-anhydroglucitol and glucose
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Several small studies have reported that 1,5-AG 
may be affected by conditions associated with 
disturbed and/or impaired renal function [33, 34]. 
A cross-sectional study assessing the use of 1,5- 
AG in various stages of CKD showed that eGFR 
levels did not influence 1,5-AG in subjects with 
mild or moderate renal dysfunction but did iden-
tify an effect in those with severe renal dysfunc-
tion or ESRD [35]. In line with these findings, the 
manufacturer of the currently available 1,5-AG 
assay notes that artificially low levels can occur in 
the setting of stage 4 or 5 kidney disease [36]. 
While 1,5-AG provides a short-term measure of 
glycemic variability that can be useful in aug-
menting A1C results, this measure does have limi-
tations in the setting of advanced kidney disease.

 Continuous Glucose Monitoring 
(CGM)

Continuous glucose monitoring (CGM) is a 
promising tool for evaluating glycemic trends 
[7]. The role and use of CGM in DKD patients is 
an area of significant interest. CGM use in dialy-
sis patients has been shown to be unaffected by 
urea levels and erythrocyte levels or lifespan, 
with CGM proving useful in measuring glycemic 
patterns around the time of dialysis [37]. While 
the use of CGM in the setting of dialysis is of 
particular interest, CGM has promise in terms of 
preventing hypoglycemic events and associated 
morbidity and mortality in all patients with 
DKD.  Ongoing trials, such as Continuous 
Glucose Monitoring to Assess Glycemia in 
Chronic Kidney Disease  – Changing Glucose 
Management [CANDY-CANE] [38] and others, 
will continue to provide insight on the role of 
CGM in this population.

 Glycemic Targets in Kidney Disease

The American Diabetes Association (ADA) cur-
rently recommends a target A1C of <7.0% or as 
close to that target as possible that can be achieved 
without the occurrence of unacceptable hypogly-
cemia [3]. This general goal, which should be 

modified based on individualized factors, is 
largely based on studies demonstrating the bene-
fits of “tight” glycemic control on the progres-
sion of microvascular complications [18, 39]. It 
should be noted, however, that the landmark tri-
als highlighting the benefits of glycemic control 
on prevention of microvascular complications 
excluded patients with significant kidney disease 
and in fact focused on those soon after the diag-
nosis of their diabetes. The ideal glycemic targets 
in this population are therefore unknown given 
the current lack of data from prospective random-
ized trials to evaluate the impact of specific gly-
cemic targets on outcomes. It should emphasized 
that the three trials published in 2008 with more 
advanced type 2 diabetes as cardiovascular dis-
ease as a primary endpoint did not show any ben-
efit of tight glycemic control but did all show 
benefits in microvascular outcomes [40–42], a 
secondary endpoint. Follow-up of one trial, how-
ever, did show a significant improvement in car-
diovascular events with intensive glucose control 
10 years after the study ended [43].

As noted in Table 4.3, the most recent update 
of the National Kidney Disease Outcomes 
Quality Initiative (KDOQI) guidelines, like the 
ADA guidelines, suggests a general target of 7% 
in patients with or without diabetes [6], with an 
extension of this recommendation to a target 
above 7% for those with comorbidities or limited 
life expectancy. This is consistent with the ADA 
recommendation for a goal of approximately 8% 
for patients with established vascular complica-
tions [3]. While management of glycemia is a 
cornerstone of DM management, intensification 
of glycemic control carries with it the risk of 
added hypoglycemia when sulfonylureas or insu-
lin is required. The Action to Control 
Cardiovascular Risk in Diabetes (ACCORD) 
study findings highlight the potential cardiovas-
cular risk associated with hypoglycemia [40], 
with the risk of hypoglycemia known to be con-
siderably higher in patients with renal dysfunc-
tion when compared to those without [44]. 
Notably, when compared to patients with normal 
renal function, those with baseline serum creati-
nine of 1.3–1.5 mg/dL had a 66% increased risk 
of severe hypoglycemia in ACCORD [45].
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The role of improved glycemic control in mit-
igating the exceedingly high mortality risk in 
dialysis patients with DM is additionally unclear. 
Management of hyperglycemia in DKD patients 
is challenging, given changes in glucose homeo-
stasis, the questionable accuracy of glycemic 
biomarkers previously discussed, and the altered 
pharmacokinetics of glucose-lowering drugs 
[46, 47]. An observational study in non-dialysis 
DM patients with eGFR <60  ml/min/1.73m2 
identified a “U-shaped” relationship between 
mortality and A1C levels, with A1C values above 
9% and below 6.5% associated with an increased 
mortality risk [48]. A similar “U-shaped” rela-
tionship between A1C and mortality has been 
demonstrated in studies examining patients 
undergoing either form of dialysis (see Fig. 4.2) 
[49–51]. It has been suggested that hypoglyce-
mia may be one reason for higher mortality rates 
observed in those with A1C levels below 6.5% in 

these observational studies [48, 49, 52]. This is a 
compelling argument given the increased aware-
ness of ventricular arrhythmias from hypoglyce-
mia in type 2 diabetes, which could potentially 
be even more deadly in those with DKD [53]. A 
meta-analysis by Hill et al. investigated the rela-
tionship between A1C and risk of death in DKD 
patients receiving hemodialysis [54]. The meta-
analysis included nine observational studies and 
one secondary analysis of a randomized trial. 
When analyzed, baseline A1C values greater 
than 8.5% were associated with a 29% increase 
in the adjusted risk of death when compared to 
patients with an A1C ranging from 6.5% to 
7.4%. Mean A1C levels below 5.4% were addi-
tionally associated with a small, but nonsignifi-
cant, increase in mortality [54]. Pretransplant 
glycemic control is also associated with post-
transplant outcomes in kidney transplant recipi-
ents with diabetes [55].
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Fig. 4.2 (a) Risk of 
mortality by initial 
glycated hemoglobin 
(A1C), adjusted for age, 
sex, race, body mass 
index (BMI), years of 
dialysis, albumin, 
creatinine, ten comorbid 
conditions, insulin use, 
hemoglobin, HDL 
cholesterol, country, and 
study phase. (b) Risk of 
mortality by mean A1C, 
adjusted for age, sex, 
race, BMI, years of 
dialysis, albumin, 
creatinine, ten comorbid 
conditions, insulin use, 
hemoglobin, HDL 
cholesterol, country, and 
study phase. 
(Reproduced from 
Ramirez et al. [49], with 
permission from the 
ADA)
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While targeting lower A1C values is known to 
convey increased risk of hypoglycemia, A1C is 
not the best indicator of acute hypoglycemia risk. 
A follow-up analysis of DCCT (which were all 
patients with type 1 diabetes) using A1C and 
seven-point capillary glucose profile data showed 
that mean blood glucose and glycemic variabil-
ity, as defined by within-day standard deviation 
(SD) of glucose measurements, when used 
together or individually signaled hypoglycemia 
risk independent of A1C [56]. To further support 
the importance of glycemic variability, an obser-
vational study using CGM analysis over a 2-day 
period in patients with type 2 DM demonstrated 
that the risk of asymptomatic hypoglycemia was 
drastically reduced when the SD surrounding the 
mean glucose value was reduced below a thresh-
old of approximately 30 mg/dL [31]. Interestingly, 
one retrospective analysis of patients receiving 
hemodialysis reported higher A1C values and 
greater glucose variability as risk factors for 
severe hypoglycemia, as defined as hypoglyce-
mia requiring hospitalization [57]. As a general 
rule, the more insulin deficient the patient, the 
greater the glycemic variability, independent of 
pharmacologic therapies.

A recent report from an ADA consensus con-
ference provides some guidance on glycemic 
goal setting in patients with DKD [4]. As high-
lighted in Table  4.4, the report recommends a 
modified A1C goal to less than 8% once eGFR 
falls below 60 mL/min/1.73m2 with the goal of 
hypoglycemia avoidance. The report additionally 
advocates for a strengthened reliance on SMBG 
in making treatment decisions, especially when 
considering the imprecision of A1C in such indi-
viduals. Indeed, SMBG has been called out as a 

crucial tool to consolidate individualized thera-
peutic goals [10] and as noted above can be uti-
lized to modify treatment to prevent unnecessary 
hypoglycemia-associated morbidity and mortal-
ity. Many clinicians and patients prefer more spe-
cific targets which are quite reasonable but have 
not been specifically tested. Due to the concerns 
about hypoglycemia, reasonable pre-meal targets 
would be between 100 and 140  mg/dL with 
2-hour postprandial goals of less than 220  mg/
dL. Recall that for those without DKD, an A1C 
of 8% would equate to an estimated average 
 glucose of 183 mg/dL so these specific glycemic 
targets seem reasonable [9].

While SMBG and A1C largely remain the cor-
nerstone of glycemic monitoring, other indices of 
glycemic control may play an important role of 
identifying aspects of glycemic dysregulation 
that are not otherwise captured with SMBG and 
A1C measurement alone [10]. This includes 
increased use of CGM, particularly for those with 
hypoglycemia unawareness, and more utilization 
and research into the use of glycated albumin.

 Conclusion

Glycemic control is the centerpiece of good dia-
betes care. However, the effects of intensive con-
trol in DKD are less clear than in those without 
kidney disease. Those with low eGFR are at a 
high risk for hypoglycemia, an immediate and 
serious adverse event. DM management is further 
complicated by limitations of currently available 
measures of glycemic control. Despite the inher-
ent limitations of A1C measurement as a surro-
gate marker of glycemic control, it remains a key 

Table 4.4 Select glycemic target recommendations for patients with kidney disease

Guideline/consensus report Recommendations/suggestions
Diabetic kidney disease: A report from 
an ADA consensus conference [4]

A1C <8% when GFR <60 mL/min/1.73m2 due to increased hypoglycemia risk
Reliance on SMBG in making treatment decisions due to imprecision of A1C

ADA standards of medical care in 
diabetes – 2016 [3]

Less stringent A1C goals (such as <8%) may be appropriate for patients 
with advanced complications

KDOQI clinical practice guideline for 
diabetes and CKD: 2012 update [6]

Recommend not treating to an A1C of <7.0% in patients at risk of 
hypoglycemia
Suggest that target A1C be extended above 7.0% in individuals with 
comorbidities or limited life expectancy and risk of hypoglycemia

4 Glycemic Metrics and Targets in Kidney Disease
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monitoring parameter in the glycemic manage-
ment of people with DKD [52]. At the current 
time, A1C results should be interpreted carefully 
in conjunction with SMBG data to achieve glyce-
mic goals and mitigate hypoglycemia risk. Better 
tools for glycemic assessment and more defini-
tive research on glycemic targets would be 
welcomed.
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Diabetic Pharmacotherapies 
in Kidney Disease

Deborah A. Chon, Rachael T. Oxman, 
Rashmi S. Mullur, and Jane Eileen Weinreb

 Introduction

The pharmacokinetics of antihyperglycemic 
medications are altered in chronic kidney disease 
(CKD) in several ways including reduced renal 
clearance, uremic alterations of hepatic and GI 
drug metabolism, and increased levels of unbound 
drug in hypoalbuminemia [1]. These alterations 
predispose to hypoglycemic events. 
Unfortunately, patients with CKD are less able to 
compensate for hypoglycemic events because of 
reduced renal gluconeogenesis [2, 3] as well as 
decreased food intake due to poor appetite and 
dietary restrictions [4]. This can be a dangerous 
combination. For this reason, treatment of diabe-
tes in CKD requires attention to drug interac-
tions, cautious dose titration, and close glucose 
monitoring. As renal disease progresses, patients 
often require dose reductions of insulin and/or 
oral antihyperglycemic medications to avoid 
hypoglycemic events. Once patients initiate dial-
ysis therapy, drug pharmacokinetics are altered 
again with increased drug and urea clearance [2, 
3]. As a result, treatment of diabetes in CKD 

requires frequent reassessment to meet the 
patient’s changing drug response and needs.

 Biguanides

Metformin is recommended as first-line medical 
therapy for type 2 diabetes in all treatment guide-
lines and is the most widely used diabetes medi-
cation. It is affordable, has been extensively 
studied, is weight neutral, and does not increase 
the risk of hypoglycemia. The glucose-lowering 
effect is via activation of adenosine monophos-
phate protein kinase (AMPK) in hepatocytes and 
myocytes, thereby suppressing hepatic gluconeo-
genesis and promoting glucose uptake in skeletal 
muscle [5]. Metformin lowers fasting plasma glu-
cose in a dose-related manner with a dose of 
2000  mg daily resulting in a 2% lowering of 
HbA1c compared with placebo [6]. Moreover, 
metformin is associated with additional benefits 
such as a lipid-lowering effect and a significant 
risk reduction in myocardial infarction and all- 
cause mortality [5, 7]. The most common side 
effects are initial gastrointestinal disturbance, 
such as nausea, bloating, flatulence, and diarrhea.

Metformin is renally cleared, and when renal 
function is impaired, clearance decreases in paral-
lel to the decrease in eGFR. There is concern that 
accumulation of the drug could precipitate lactic 
acidosis as was frequently seen with its predeces-
sor, phenformin. Hence, metformin carried an 
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FDA boxed warning stating it is contraindicated 
with renal disease or dysfunction, as defined by a 
serum creatinine of ≥1.5  mg/dL in men and 
≥1.4 mg/dL in women [8]. The original prescrib-
ing label was intended to provide a margin of 
safety to minimize the risk of lactic acidosis [9], 
but the prevalence of metformin causing lactic aci-
dosis is low. Salpeter et al. pooled data from 347 
studies with type 2 diabetics, and the true inci-
dence of lactic acidosis per 100,000 patient-years 
was 4.3 cases with metformin and 5.4 cases in the 
non-metformin group [10]. Moreover, a recent 
review by Inzucchi et al. showed that while met-
formin clearance is decreased in the setting of 
renal dysfunction, drug levels remain within the 
therapeutic range when estimated glomerular fil-
tration rate (eGFR) is >30  mL/min/1.73  m2 and 
lactate levels are not significantly increased [9]. 
Further support for metformin use in patients with 
mild to moderate renal impairment comes from an 
observational study of nearly 20,000 type 2 dia-
betic patients with known atherosclerotic disease; 
mortality was reduced with metformin therapy in 
patients with a creatinine clearance of 30–60 mL/
min/1.73 m2 [11].

Thus, Inzucchi et al. proposed a strategy of pre-
scribing metformin in patients with mild to moder-
ate CKD that is endorsed by the American Diabetes 
Association. He suggested that maximal effective 
dose (2000  mg daily) could be used in patients 
with an eGFR of 45–60  mL/min/1.73  m2 (CKD 
3a), whereas a reduced dose of up to 1000  mg 
daily could be used in patients with an eGFR of 
30–45  mL/min/1.73  m2 (CKD 3b) if they were 
already on the medication, but not to initiate ther-
apy at this stage [9]. These dose adjustments 
require more cautious follow-up of renal function, 
and avoiding metformin therapy is advised if kid-
ney function is expected to be unstable. This plan 
for metformin use in chronic kidney disease is 
now formally endorsed by the FDA [12].

 Sulfonylureas

Sulfonylureas (SUs) are insulin secretagogues. 
The potency of different SUs varies, but their 
efficacy is generally equivalent, reducing HbA1c 

by ~1.25–1.5%. SUs are primarily metabolized 
in the liver and predominantly excreted by the 
kidneys [13, 14]. SUs act by binding to the sulfo-
nylurea receptor, a subunit of the ATP-dependent 
potassium channels on beta cells, triggering 
channel closure and prompting cell depolariza-
tion; this allows calcium influx which stimulates 
insulin secretion in a non-glucose- dependent 
manner. This mechanism inherently increases 
risk of hypoglycemia, especially in populations 
who may have blunted gluconeogenesis, incon-
sistent nutrition, or malnutrition as may be seen 
in CKD patients. Relative hypoglycemic risk 
among individual SUs in CKD depends on drug 
half-life, the extent of hepatic metabolism, and 
the hypoglycemic activity of hepatic metabolites. 
However, all SUs should be used with caution, 
initiated at low doses, and titrated slowly.

First-generation SUs include chlorpropamide, 
acetohexamide, tolazamide, and tolbutamide. All 
first-generation SUs have active hepatic metabo-
lites which accumulate in CKD prolonging drug 
half-life and predisposing to hypoglycemia. These 
agents should be avoided in CKD because of con-
cerns for accumulation and poor side effect profile 
in comparison to second-generation SUs [9, 10].

Second-generation SUs include glyburide, 
glipizide, and glimepiride. In general, second- 
generation SUs are better tolerated in CKD than 
first-generation agents. Glyburide is the excep-
tion. Glyburide has a long half-life of ~10 h, an 
active hepatic metabolite 
(4- hydroxyglibenclamide), and has been associ-
ated with severe, prolonged, and more frequent 
hypoglycemia [15–18]. Hence, glyburide should 
not be used in CKD.

Glimepiride has limited use in CKD because it 
is hepatically metabolized, and one of its metabo-
lites, M1, retains partial hypoglycemic activity of 
~33% of glimepiride’s original potency [14, 19]. 
M1 progressively accumulates with declining 
renal clearance and likely accounts for higher 
rates of hypoglycemia compared to SUs such as 
gliclazide, which, like glipizide, does not accu-
mulate in renal disease [19, 20]. Glimepiride may 
be used with caution in CKD at a starting dose of 
1  mg/day but should be avoided in dialysis 
patients [1, 2, 21, 22].
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Glipizide is the preferred SU in CKD because 
it is hepatically metabolized to inactive metabo-
lites, less than 10% is excreted unmetabolized, 
and it has a short half-life of 2–4 h [1, 2, 14, 23]. 
Glipizide can be used in all CKD stages and dial-
ysis without dose adjustment though conserva-
tive initial dosing of 2.5–5  mg/daily is 
recommended [2, 21, 24].

 Meglitinides

Meglitinides are rapid-onset, short-acting insulin 
secretagogues administered at mealtimes which 
reduce postprandial hyperglycemia. Meglitinides 
act through a unique binding site on beta cells 
separate from sulfonylureas, closing potassium 
channels and thereby prompting insulin release. In 
general, it is not recommended to use meglitinide 
and SU therapy simultaneously because these 
agents have a similar mechanism of action and the 
combination has not been studied, while combina-
tion therapy with other agents such as metformin, 
TZDs, and acarbose is known to have additive 
effect in lowering HbA1c [25]. When choosing 
between meglitinide and SU therapy, it is impor-
tant to note that meglitinides target postprandial 
hyperglycemia rather than basal hyperglycemia 
addressed by SUs. Meglitinides also have a lower 
incidence of hypoglycemia. This reduced hypo-
glycemia is likely multifactorial including shorter 
half-life, mealtime administration, and, in the case 
of nateglinide, glucose-dependent insulin secre-
tion [26–29]. Furthermore, HbA1c lowering with 
repaglinide can be equivalent to SU therapy, but 
this is not the case for nateglinide which is less 
efficacious [26, 29].

Repaglinide can reduce HbA1c by 1.0–1.5% 
[26, 30]. Repaglinide is metabolized in the liver 
by P450 cytochrome enzymes to three inactive 
metabolites (M1, M2, M7), has a short half-life 
of ~1 h, and 90% is excreted in bile with only 8% 
excreted renally [31]. Severe renal impairment 
(eGFR  <30  mL/min) increases repaglinide’s 
half-life and/or area under the curve (AUC) 
though it is unaffected in mild to moderate kid-
ney disease [32, 33]. Despite these pharmacoki-
netic changes, hypoglycemic risk is equivalent in 

patients with and without kidney disease. Overall, 
repaglinide is a safe and effective therapeutic dia-
betic treatment option in kidney disease [32, 34]. 
However patients with advanced kidney disease 
may require lower doses, and it should be initi-
ated at a dose of 0.5 mg with meals especially if 
eGFR is <30 mL/min [2, 34]. Additionally, there 
is potential for drug interactions if administered 
concurrently with P450 cytochrome inhibitors 
including gemfibrozil which can cause an eight-
fold greater repaglinide AUC and threefold lon-
ger half-life [1, 29, 31].

Nateglinide therapy can lower HbA1C by 0.5–
1.0% and is associated with less weight gain 
(0.7 kg vs 1.8 kg) than repaglinide therapy [26, 
30]. Nateglinide is similarly metabolized in the 
liver with a short half-life of ~1 h, but in contrast 
to repaglinide, it has active metabolites, and 83% 
of the drug is cleared by the kidneys [35, 36]. 
While the pharmacokinetics after 120 mg single- 
dose administration seems to be equivalent across 
all stages of CKD and normal renal function 
patients, there is suggestion by case report that 
nateglinide’s metabolites can accumulate in CKD 
with prolonged hypoglycemic effect [37, 38]. 
Nateglinide may be initiated at low dose (60 mg 
with meals TID) in patients with CKD [2]. 
However, given the differences in metabolite 
activity and clearance between the meglitinides, 
it seems reasonable for repaglinide to be the meg-
litinide of choice in CKD.

 Glucagon-Like Peptide 1 Receptor 
Agonists (GLP-1 RAs)

GLP-1 and gastric inhibitory peptide (GIP) are 
known as incretins, intestinal peptides released in 
response to nutrients in the gut that promote 
glucose- dependent insulin secretion, suppress 
glucagon release, slow gastric emptying, and 
centrally inhibit appetite [39]. Type 2 diabetics 
have a small but significant reduction in meal- 
stimulated levels of GLP-1 [39]. GLP-1 RAs 
serve as incretin analogs, targeting both post-
prandial glucose excursions in addition to fasting 
glucose levels. This class of drugs is safe as it 
achieves its glucose-lowering effects without 
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hypoglycemia and also has the added benefit of 
dose-dependent progressive weight loss [39–41]. 
Two drugs in this class, liraglutide and semaglu-
tide, result in a significant decrease in three-point 
major adverse cardiovascular outcomes (MACE) 
(fatal and nonfatal MI and stroke) in patients with 
known cardiovascular (CV) disease or high CV 
risk [42, 43]. Liraglutide additionally decreased 
death due to CV disease by 22% as well as all- 
cause mortality, whereas semaglutide decreases 
MACE mostly due to decrease in nonfatal stroke.

The most common side effects of these inject-
able medications are gastrointestinal in nature, 
predominantly nausea, but this usually decreases 
over time [39–41]. Of note, there is a boxed 
warning by the FDA stating that GLP-1 RAs 
have been shown to cause dose-dependent and 
treatment duration-dependent thyroid C-cell 
tumors in rats and mice [44–47]. Thus, this class 
of medications is contraindicated in patients with 
personal or family history of medullary thyroid 
carcinoma and multiple endocrine neoplasia syn-
drome type 2 [44–47]. Also, there is concern 
regarding incretin-based medications and their 
association with acute pancreatitis and potential 
for pancreatic cancer, given the stimulation of 
beta-cell proliferation and inhibition of apoptosis 
[48]. Although other studies have not confirmed 
this increased risk [49], it is recommended that 
an alternative medication class be used in patients 
with a history of pancreatitis.

Exenatide is administered as 5–10 mcg subcu-
taneous (SC) injection twice daily within 60 min 
prior to a meal. In phase III trials, exenatide was 
added to ongoing therapy with oral hypoglyce-
mic agents in patients with suboptimal control 
and was found to reduce HbA1c concentrations 
by 0.8–1.0% over 30 weeks with a weight loss of 
1.5–3 kg [40, 50, 51]. Patients who continued 
in an open-label extension lost 4–5  kg after 
80 weeks [52]. The kidney is the primary route of 
elimination and degradation. Linnebjerg et  al. 
evaluated the pharmacokinetics of exenatide in 
renal impairment. In subjects with mild to mod-
erate renal impairment (CrCl 30–80  mL/min), 
exenatide clearance was decreased, but tolerabil-
ity was unchanged [53]. However, exenatide 

clearance was significantly decreased (84%) in 
ESRD patients, and even low-dose exenatide of 
5 mcg was not well tolerated due to gastrointesti-
nal side effects [53]. Thus, there are no recom-
mendations for dosing adjustments in mild to 
moderate renal impairment, but use is not recom-
mended for CrCl <30 mL/min or in ESRD [44]. 
A long-acting formulation of exenatide, exena-
tide extended release (Bydureon®), was approved 
by the FDA in 2012. It is administered as 2 mg 
SC injection weekly. In the DURATION-5 com-
parator trial, this formulation resulted in greater 
glycemic improvements (1.6% from baseline 
A1c of 8.5%) as monotherapy or in addition to 
one or more oral diabetic agents at 24 weeks with 
a weight loss of 2.3 kg and less nausea (Blevins). 
Patients taking extended release exenatide 2 mg 
weekly had a 62% and 33% increase in exposure 
in moderate and mild renal impairment compared 
to those with normal renal function (package 
insert). Caution is advised in patients with mod-
erate renal impairment (CrCl 30–50 mL/min). No 
studies have been done in severe renal impair-
ment or ESRD (package insert).

Liraglutide is administered as a once daily 
0.6–1.8 mg SC injection. In a placebo-controlled, 
double-blind trial evaluating liraglutide as add-on 
therapy in patients with moderate renal impair-
ment, there was a significant decrease in HbA1c 
by 0.66% from a baseline of about 8% compared 
to placebo at 26 weeks [54]. There was also a sig-
nificant weight loss of 1.32 kg compared to pla-
cebo with maximum-dose liraglutide [54]. 
Elimination occurs via endogenous dipeptidyl 
peptidase IV (DPP-4) enzyme degradation, and 
there is no significant renal clearance. In a single 
dosing study of liraglutide 0.75 mg daily, there 
was no significant effect of decreasing creatinine 
clearance on the pharmacokinetics of liraglutide 
nor any associated increased risk of adverse 
events [55]. Per the package insert, there are no 
current recommended dosage adjustments in 
mild to severe renal impairment, but caution is 
suggested with initiating or escalating doses [45].

Dulaglutide is a long-acting GLP-1 RA 
administered as a 0.75–1.5 mg SC once weekly 
injection. The AWARD (Assessment of Weekly 
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Administration of Dulaglutide) trials assessed the 
efficacy and safety of dulaglutide as monother-
apy and as add-on diabetes therapy. Dulaglutide 
was shown to have greater reductions in HbA1c 
in comparison to metformin, exenatide, glargine, 
sitagliptin, among others and found to be nonin-
ferior to liraglutide [56, 57]. In a randomized, 
double-blind, placebo-controlled monotherapy 
trial, HbA1c was significantly reduced by 1.0% 
from a baseline of 7.6–7.8% compared with pla-
cebo at 12 weeks on dulaglutide 1.5 mg weekly 
[58]. Dulaglutide is degraded by general protein 
catabolism. Thus, the pharmacokinetics are not 
expected to be affected by renal impairment, and 
there is no dosage adjustment necessary [59]. Per 
the package insert, there are no current recom-
mended dosage adjustments in mild to severe 
renal impairment, but caution is suggested with 
initiating or escalating doses [46].

Lixisenatide is a once daily 10–20 mcg SC 
injection. The GetGoal trials were randomized, 
double-blind, placebo-controlled trials in patients 
with type 2 diabetes evaluating efficacy of lix-
isenatide as monotherapy or as add-on therapy to 
metformin, pioglitazone, sulfonylurea, or basal 
insulin. In the monotherapy trial, HbA1c was sig-
nificantly reduced by 0.85% from a baseline of 
about 8% compared with placebo at 12  weeks 
[60]. Mean decrease of body weight in the trials 
was 0.2–2  kg [60–64]. Elimination occurs via 
glomerular filtration and proteolytic degradation 
(package insert). No dose adjustment is neces-
sary in patients with mild renal impairment 
(eGFR 60–89  mL/min/1.73  m2) or moderate 
renal impairment (eGFR 30 to <60  mL/
min/1.73 m2), but close monitoring of gastroin-
testinal reactions that may lead to dehydration 
and changes in renal function is recommended 
[65]. Clinical experience is limited in severe 
renal impairment (eGFR 15 to <30  mL/
min/1.73 m2), but exposure was higher and close 
monitoring is advised (package insert). Use in 
ESRD is not recommended given lack of experi-
ence (package insert).

Semaglutide is a weekly injectable GLP-1 RA 
dosed as 0.25–1.0  mg SC weekly [66]. The 
SUSTAIN clinical trials demonstrated clinical 

efficacy and safety of semaglutide as monother-
apy or add-on diabetes therapy. Semaglutide has 
been found to have a superior reduction in A1c as 
compared to sitagliptan, exanatide, and dulaglu-
tide, and it is noninferior to basal insulin [67–70]. 
The SUSTAIN 1 trial demonstrated that 30 weeks 
of 0.5  mg semaglutide monotherapy reduced 
HbA1c by 1.45%, and 1.0 mg semaglutide mono-
therapy reduced HbA1c 1.55% from a baseline 
HbA1c of 8.05% as compared to placebo [71]. 
The SUSTAIN 5 trial confirmed similar reduc-
tions among uncontrolled type 2 diabetics on 
basal insulin with or without metformin showing 
a 1.4% A1c reduction with 0.5  mg and a 1.8% 
A1c reduction with 1.0  mg semaglutide add-on 
therapy [72]. Semaglutide is degraded by general 
protein catabolism, which is followed by beta- 
oxidation. It is excreted in urine and feces. Only 
3% of semaglutide is excreted intact through the 
urine. There is no dose adjustment recommended 
for renal impairment [66]. However, it should be 
noted that pharmacokinetic studies after single 
dose of 0.5 mg semaglutide did note a 22% higher 
mean exposure in non-dialysis patients with 
severe renal impairment (eGFR <30 mL/min) and 
higher rates of nausea in this same group [73]. 
SUSTAIN 6 found a positive cardiovascular ben-
efit to semaglutide therapy with a 26% risk reduc-
tion in the composite outcome of nonfatal 
myocardial infarction, nonfatal stroke, and car-
diovascular death. However, the composite out-
come was driven by improvements in nonfatal MI 
and stroke, as there was no significant difference 
in rates of cardiovascular death between semaglu-
tide and placebo-treated participants [42].

 Dipeptidyl Peptidase IV (DPP-4) 
Inhibitors

Endogenous incretins are rapidly inactivated by 
the enzyme DPP-4. Selective DPP-4 inhibitors 
limit the degradation of GLP-1 and thus potenti-
ate endogenous incretin hormone activity. Thus, 
this class of medications has similar actions as 
the GLP-1 receptor agonists, including glucose- 
dependent stimulation of insulin secretion and 
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inhibition of glucagon secretion. However, 
DPP-4 inhibitors are generally not associated 
with slowing of gastric emptying [39], and their 
use is not commonly associated with nausea or 
weight loss as occurs with the GLP-1 receptor 
agonists. These agents have the benefit of once 
daily oral dosing. Moreover, they have been stud-
ied in dialysis patients and while they may need 
dose adjustments, they are safe for use in these 
patients for whom diabetic treatment options are 
limited [74].

There is similar concern for acute pancreatitis 
and potential risk for pancreatic cancer as with 
GLP-1 receptor agonists [48]. Also, the FDA 
issued a warning in August 2015 that all four 
DPP-4 inhibitors may cause joint pain that is 
severe and disabling, based on 33 cases of severe 
arthralgia reported from 2006 to 2013 [75]. The 
onset of symptoms appeared within a month fol-
lowing initiation in a majority of the cases but 
ranged between a day and years. Symptoms 
resolved after medication was discontinued, but 
some patients had recurrent symptoms with reini-
tiation or switch to another DPP-4 inhibitor.

Sitagliptin is administered as a once daily oral 
dose of 100 mg. It is primarily eliminated via renal 
excretion. Various studies have demonstrated effi-
cacy and safety of sitagliptin use in patients with 
renal impairment. Following a 50 mg oral dose of 
sitagliptin, subjects with moderate renal insuffi-
ciency (CrCl 30–50 mL/min), severe renal insuf-
ficiency (<30  mL/min but not on dialysis), or 
ESRD on dialysis had approximately 2.3-fold, 
3.8-fold, or 4.5-fold higher plasma concentrations 
compared to those with normal renal function or 
mild renal impairment [76]. Thus, dose adjust-
ments are recommended in renal insufficiency to 
keep plasma concentrations comparable to those 
with normal renal function, as follows: 50  mg 
once daily for CrCl 30 to 50 mL/min and 25 mg 
once daily for CrCl  <30  mL/min, ESRD, or on 
dialysis [76, 77]. Chan et al. studied the safety of 
dose-adjusted therapy with sitagliptin as per the 
recommendations noted above in patients with 
moderate and severe renal insufficiency, including 
patients with ESRD on dialysis [78]. At 12 weeks, 
there was a significant reduction of HbA1c by 
0.4% from a baseline of 7.6–7.8% compared to 

placebo and a mean reduction in HbA1c by 0.7% 
at 54 weeks in the sitagliptin group [78]. Sitagliptin 
can be administered irrespective of hemodialysis 
timing [76].

Saxagliptin is administered orally as 2.5–5 mg 
once daily. In a multicenter phase 3 trial of type 2 
diabetic patients with moderate or severe renal 
impairment or ESRD on dialysis randomized to 
saxagliptin 2.5 mg daily or placebo, there was a sig-
nificant decrease in mean HbA1c by 0.73% from a 
baseline of 8.1–8.5% compared to placebo at 
52 weeks [79]. Reductions in adjusted mean HbA1c 
were numerically greater with saxagliptin than pla-
cebo in patients with renal impairment rated as 
moderate (0.94% vs 0.19%, respectively) or severe 
(0.81% vs 0.49%) but similar to placebo for those 
with ESRD (1.13% vs 0.99%) [79]. Hepatic metab-
olism produces an active metabolite that is 50% less 
potent than saxagliptin, and elimination occurs pre-
dominantly via renal route [14]. Saxagliptin and its 
major metabolite were 1.2- and 1.7-fold higher in 
mild renal impairment, 1.4- and 2.9-fold higher in 
moderate renal impairment, and 2.1- and 4.5-fold 
higher in severe renal impairment in comparison to 
normal renal function [80]. There are currently no 
dosage adjustment recommendations until moder-
ate to severe impairment (CrCl ≤50 mL/min), when 
dose should be decreased to 2.5 mg once daily [81]. 
In dialysis patients, a single 4-h session removes 
23% of a saxagliptin dose and thus should be taken 
after the dialysis session [14]. Of note, a study by 
Scirica et al. evaluated the effect of saxagliptin ver-
sus placebo in type 2 diabetic patients at risk for 
cardiovascular events [82]. There was no effect 
found on the rate of ischemic events; however, the 
rate of hospitalizations for heart failure was 
increased. There are currently no specific recom-
mendations in the package insert regarding saxa-
gliptin use for patients with heart failure. We would 
lean toward the use of an alternative agent for a 
patient with significant heart failure.

Linagliptin is administered as 5  mg orally 
once daily. In a pooled analysis of three phase 3 
trials, linagliptin 5 mg was compared to placebo 
or as add-on therapy in type 2 diabetic subjects 
with normal, mild, and moderate renal impair-
ment [83]. At 24 weeks, there was a significant 
placebo-corrected mean HbA1c reduction of 
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0.63% in normal renal function, 0.67% in mild 
renal impairment, and 0.53% in moderate renal 
impairment from a baseline of 8.0–8.2% with 
no inter-group difference [83]. McGill et  al. 
found a reduction in HbA1c of 0.6% from a 
baseline of 7–10% in type 2 diabetic subjects 
with severe renal impairment taking linagliptin 
5 mg compared to placebo at 12 weeks that was 
sustained at 1 year [84]. Eighty-five percent of 
the ingested dose is fecally eliminated, while 
only 5% of the dose is excreted renally [85]. 
Plasma concentrations were similar in type 2 
diabetic subjects with mild, moderate, and 
severe renal impairment after a 5  mg dose of 
linagliptin [86]. As there was no indication that 
even severe renal impairment prolongs the elim-
ination of linagliptin, there is no dosage adjust-
ment necessary [87].

Alogliptin is administered as a once daily oral 
dose of 25 mg. A number of phase 3 clinical trials 
have shown the efficacy of alogliptin as add-on 
therapy. HbA1c reduction ranged from 0.5% to 
0.78% compared to placebo from a baseline of 
about 7–10% with alogliptin 25 mg daily added on 
therapies such as metformin and pioglitazone [88, 
89]. Elimination is primarily via renal excretion. 
After a 50  mg oral dose of alogliptin, exposure 
was increased by 1.7-, 2.1-, 3.2-, and 3.8-fold in 
patients with mild, moderate, and severe renal 
impairment and ESRD, respectively [90]. Thus, no 
dosage adjustment is necessary with CrCl ≥60 mL/
min, but daily dose should be reduced to 12.5 mg 
for CrCl 30–60  mL/min and 6.25  mg for CrCl 
<30 mL/min or dialysis patients [91]. In a prospec-
tive, open-label study of 30 type 2 diabetic patients 
on hemodialysis, alogliptin 6.25 mg daily admin-
istered regardless of timing of dialysis improved 
glycemic control as monotherapy or add-on ther-
apy and was generally well tolerated [92].

 Thiazolidinediones

Thiazolidinediones (TZDs) are peroxisome 
proliferator- activated receptor gamma (PPARγ) 
agonists which improve glycemic control via 
improved insulin sensitivity. PPARγ is a nuclear 
transcription factor which regulates gene tran-

scription; it is expressed most strongly in adipose 
tissue but also has lower expression in the liver, 
heart, and muscle [93]. The antihyperglycemic 
effect of PPARγ stimulation is largely indirect 
through reduction in free fatty acids with 
increased subcutaneous adipogenesis as well as 
effects on adipokine expression. TZDs also have 
a direct antihyperglycemia effect by upregulating 
the expression of GLUT4 which is the insulin- 
sensitive glucose transporter in muscle and adi-
pose tissue [94]. These indirect and direct effects 
culminate to enhance peripheral insulin sensitiv-
ity at the liver and muscle by decreasing hepatic 
glucose production, increasing glycogen synthe-
sis, and increasing muscle glucose disposal [14, 
93, 95].

Clinically, TZDs have multiple beneficial 
effects including improved fasting and postpran-
dial hyperglycemia, reduced fat accumulation in 
the liver, improved lipid profiles with lower fatty 
acid levels and higher HDL, and also reduced 
average blood pressure by a small but statistically 
significant amount [14, 93, 95–97]. There is also 
growing literature that TZDs have a renoprotec-
tive effect; this is expounded upon in section 
“Impact of Antihyperglycemic Agents on Renal 
Function”.

Unfortunately, TZD therapy has been associ-
ated with multiple adverse side effects. Most 
prominently TZD therapy is associated with 
weight gain and fluid retention with complica-
tions of peripheral edema and increased fre-
quency of CHF exacerbations [93, 98–100]. 
TZD-induced fluid retention may be less respon-
sive to diuretics and be especially severe when 
TZDs are used in combination therapy with 
 insulin [93, 98, 100]. TZDs are contraindicated in 
patients with NYHA Class III and IV heart fail-
ure and were given a black-box warning in 2007 
[98]. TZDs can be used as insulin sensitizers in 
patients with CKD who are not candidates for 
metformin use. However, CKD patients are high 
risk for volume overload as well as comorbid 
heart disease, and hence, some feel these agents 
are better avoided [21, 101]. When TZD therapy 
is used in CKD, patients require close monitoring 
for evidence of fluid retention. In addition, TZD 
therapy is also associated with hepatotoxicity and 
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increased appendicular fracture risk, which has 
been attributed to PPARγ2 inhibition of osteo-
blastogenesis leading to decreased bone mineral 
density in men and women. This increased risk of 
fracture has been clearly documented in women 
only [98, 102–104]. Finally, in 2010 rosiglitazone 
was placed under prescribing and dispensing 
restrictions for potential increased cardiovascular 
mortality. To fully evaluate this concern, the FDA 
performed a comprehensive readjudication of the 
RECORD trial as well as independent expert 
review by the Duke Clinical Research Institute 
(DCRI) which concluded that rosiglitazone had 
equivalent cardiovascular risk as compared to 
other standard DM therapies (metformin and sul-
fonylurea), and the distribution restrictions were 
subsequently removed in 2013 [105].

Pioglitazone can reduce HbA1c by 1.0–1.6% 
in monotherapy depending on dose [98]. 
Pioglitazone undergoes hepatic hydroxylation 
and oxidation to two active metabolites (M-III & 
M-IV) which retain ~40–60% of the potency of 
the original compound. Peak serum levels occur 
~ 2 h after administration. Pioglitazone half-life 
is variable (3–7 h) as is the half-life of its metabo-
lites, ranging 16–24 h. Drug clearance is primar-
ily through bile and feces with negligible renal 
contribution [98]. Pharmacokinetic studies show 
that both parent pioglitazone and its metabolites 
have increased drug clearance in moderate and 
severe renal disease which results in shorter half- 
lives and peak concentrations compared to sub-
jects with normal renal function. It has been 
postulated that this increased clearance is sec-
ondary to reduced protein binding in CKD result-
ing in higher proportions of unbound or free 
forms facilitating greater hepatic clearance [106]. 
Ultimately, no dose adjustment is necessary in 
patients with CKD, and a starting dose of 15 mg 
daily can be considered. In hemodialysis patients, 
a dose of 30 mg has been tolerated [1].

Rosiglitazone can reduce HbA1c by 0.8–
1.5% in monotherapy depending on dose 
with maximum efficacy at 4 mg twice daily 
dosing in the general population [107]. 
Rosiglitazone undergoes hepatic metabolism 
through N-demethylation, hydroxylation, and 
then conjugation into inactive metabolites [107–

109]. Metabolism is specifically mediated by 
CYP2C8, a cytochrome P450 enzyme; this 
enzyme is clinically relevant because gemfibrozil 
is a CYP2C8 inhibitor which can increase rosi-
glitazone concentrations when used concurrently 
[110]. Rosiglitazone has excellent oral bioavail-
ability at 99% with peak serum levels at ~1  h 
after oral administration, and a half-life between 
3 and 4 h. Clearance of drug metabolites is 64% 
through urine and 23% by feces [107]. 
Rosiglitazone pharmacokinetics in regard to 
AUC and maximum plasma concentration are 
unchanged in all stages of CKD including hemo-
dialysis but increased 2–3 times in patients with 
Child-Pugh Class B or C liver disease [107, 108]. 
No dose adjustment is necessary in CKD, and a 
starting dose of 4 mg daily can be considered.

 Sodium-Glucose Co-transporter 2 
(SGLT2) Inhibitors

SGLT2 inhibitors are the newest oral hypoglyce-
mic agents approved by the FDA for type 2 dia-
betes. The mechanism of action is based on the 
competitive inhibition of SGLT2, a tubular car-
rier protein that reabsorbs 90% of the glucose 
filtered in the glomerulus, leading to enhanced 
loss of glucose through the urine [111]. Studies 
have shown an improvement in glycemic control 
with low risk of hypoglycemia and other benefits 
such as weight loss and potential lowering of 
blood pressure [112]. Moreover, a recent study 
showed that type 2 diabetic patients at high risk 
of cardiovascular events who received empa-
gliflozin had significantly lower rates of 
 three- point MACE (fatal and nonfatal MI and 
stroke) and death from cardiovascular causes and 
all-cause mortality versus placebo [113]. 
Canagliflozin similarly reduced three-point 
MACE in a high- risk population [114]. Common 
side effects of therapy are an increase in urinary 
tract and genital infections. Since SGLT2 inhibi-
tors depend on glomerular filtration for their pri-
mary mechanism of action, impaired renal 
function can reduce the glucose-lowering effi-
cacy of these agents [115]. Thus, these medica-
tions are not expected to be efficacious in patients 
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with severe renal insufficiency with an eGFR 
<30 mL/min/1.73 m2 or in dialysis patients.

Of note, the FDA issued a warning of an 
increased risk of euglycemic diabetic ketoacido-
sis (DKA) with the use of all approved SGLT2 
inhibitors, based on 20 reported cases requiring 
hospitalization between March 2013 and June 
2014  in the FDA Adverse Event Reporting 
System database [116]. DKA occurs mostly in 
insulin-deficient patients. This is thought to be 
due to an alteration in the balance of glucagon to 
insulin, with resultant increase in fatty acid oxi-
dation and ketone production [117]. Normally 
DKA is associated with marked hyperglycemia, 
osmotic diuresis, and dehydration; however, 
SGLT2 inhibitors can lower BG to less than 
200 mg/dl, allowing euglycemic DKA to be eas-
ily missed based on clinical signs alone [118]. 
Some of these cases occurred in type 1 diabetic 
patients, for whom the FDA has not approved the 
use of SGLT2 inhibitors despite increasing off- 
label use. A commentary in Diabetes Care noted 
that based on evaluation of limited clinical data 
that exists, the risk for DKA is likely to be low in 
type 2 diabetic patients [119]. Further, this drug 
class may still be useful even in the type 1 dia-
betic population, for whom adjunctive therapies 
are limited, as long as appropriate precautions are 
given [119]. The FDA additionally recently 
issued a warning of increased risk of necrotizing 
fasciitis, based upon 12 such episodes reported, 
all of which required antibiotics and surgery and 
one of which resulted in death. They warn that 
patients seek immediate medical help if they 
experience any symptoms of tenderness, redness 
or swelling of the genitals together with a fever 
above 100.4  F. (www.fda.gov/safety/medwatch/
safetyinformation/safety/alertsforhumanmedi-
calproducts/ucm618908.htm).

Canagliflozin is administered once daily at a 
dose of 100–300 mg, usually before the first meal 
of the day. Metabolism is primarily via 
O-glucuronidation in the liver with metabolites 
excreted in the urine. In a phase 3 trial of type 2 
diabetic subjects with stage 3 CKD (restricted in 
this study to eGFR 30 to <50 mL/min/1.73 m2), 
there was a significant decrease in HbA1c with 
canagliflozin (100  mg and 300  mg) versus pla-

cebo and overall adverse events were similar 
between all groups [115]. HbA1c decreased 0.3% 
with 100  mg dosing compared to placebo at 
26  weeks from a baseline of about 8% [115]. 
Current dosing recommendation guidelines 
advise a dose reduction to 100 mg/day with an 
eGFR of 45–59 mL/min/1.73 m2, and use is con-
traindicated in eGFR <45  mL/min/1.73  m2, 
ESRD, and dialysis [120]. Of note, canagliflozin 
carries a warning for increased fracture risk. A 
significant increase in fractures was seen with 
canagliflozin (4%) versus placebo (2.6%) in a 
subset of patients who were older, with prior his-
tory/risk of cardiovascular disease, lower base-
line eGFR, and higher baseline diuretic use, 
thought to be mediated by falls [121]. The inci-
dence, however, was similar in pooled studies of 
patients without high cardiovascular risk.

Dapagliflozin is administered at a dose of 
5–10 mg once daily. In a study of type 2 diabetics 
with moderate renal impairment (mean eGFR 
45  mL/min/1.73  m2), there was no significant 
reduction in HbA1c with both dapagliflozin 5 mg 
and 10  mg versus placebo at 24  weeks [122]. 
Metabolism is both hepatic and renal. 
Kasichayanula et al. showed that plasma concen-
trations of the drug are increased incrementally 
with declining renal function, with steady-state 
peak serum concentration 4%, 6%, and 9% 
higher in patients with mild, moderate, and severe 
renal impairment [123]. Also, the glucose- 
lowering effect was attenuated with a renal glu-
cose clearance reduction of 42%, 83%, and 84% 
in patients with mild, moderate, or severe renal 
impairment, respectively [123]. Thus, use is not 
recommended with eGFR <60 mL/min/1.73 m2 
and contraindicated in eGFR <30  mL/
min/1.73 m2, ESRD, and dialysis [122]. Of note, 
dapagliflozin carries a warning regarding bladder 
cancer—concerns were raised in the new drug 
application submitted to the FDA due to the 
numerical imbalance of bladder cancer reports in 
the treatment group versus control [124]. A 
causal relationship could not be established, but 
use is not advised in patients with active bladder 
cancer.

Empagliflozin is administered once daily at a 
dose of 10–25  mg in the morning. A phase 3 
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multinational study revealed that empagliflozin 
was effective in patients with stage 2 and 3 
CKD, significantly lowering HbA1c by 0.68% 
in stage 2 CKD and 0.42% in stage 3 CKD from 
a baseline of about 8% compared to placebo 
with 25  mg dosing at 24  weeks [125]. 
Metabolism is primarily via glucuronidation in 
the liver. Macha et al. studied the effect of renal 
impairment on the pharmacodynamics and 
pharmacokinetics of empagliflozin [126]. The 
pharmacokinetic properties were largely unal-
tered by renal impairment, and there was no dif-
ference in adverse events, suggesting that no 
dose adjustments are required. However, in the 
study by Barnett et  al., there were a limited 
number of subjects with stage 4 CKD evaluated 
in the study with higher rates of adverse events 
than those with stage 2 or 3 CKD [125]. Current 
dosing guidelines suggest use is not recom-
mended with eGFR <45  mL/min/1.73  m2, and 
use is contraindicated in eGFR <30  mL/
min/1.73 m2, ESRD, and dialysis [127].

Ertugliflozin is a once daily SGLT-2 inhibitor 
dosed as 5 or 15  mg daily (Steglatro package 
insert). It has been studied as monotherapy and 
in combination with metformin or sitagliptin, as 
well as on therapy with either a sulfonylurea or 
a dipeptidyl peptidase 4 (DPP-4) inhibitor. In 
the VERTIS-MONO trial, patients randomized 
to ertugliflozin had significantly greater reduc-
tions in A1C, FPG, body weight, and 2-h PPG 
and were significantly more likely to have an 
A1C <7.0% when compared to placebo. 
Additionally, ertugliflozin treatment was associ-
ated with a trend toward lower blood pressure 
[128]. In the VERTIS-MET trial, ertugliflozin 
was studied in T2DM participants inadequately 
controlled on metformin monotherapy. After 
26  weeks, ertugliflozin significantly reduced 
A1c in a dose- dependent fashion, −0.7% and 
−0.9% for ertugliflozin 5 and 15  mg, respec-
tively [129]. In the VERTIS-SU Trial, ertugli-
flozin or glimepiride was added on to patients 
already taking on metformin ≥1500  mg/day. 
Designed as a non- inferiority study, the primary 
hypothesis was that ertugliflozin 15  mg was 

noninferior to glimepiride. After 52  weeks, 
mean change (95% CI) from baseline in HbA1c 
was – 0.6%, − 0.6%, and – 0.7% in the ertugli-
flozin 15 mg, ertugliflozin 5 mg, and glimepiride 
groups, respectively. The between-group differ-
ence for ertugliflozin 15 mg and glimepiride of 
0.1% met the prespecified non-inferiority crite-
rion [130]. In the VERTIS-SITA trial, the safety 
of initial combination therapy of ertugliflozin 
and sitagliptin was compared to that of placebo. 
After 26 weeks, significantly greater reductions 
from baseline were observed in HbA1c, FPG, 
2-h PPG, body weight, and systolic blood pres-
sure in patients receiving combination therapy 
compared with placebo [131]. In the VERTIS-
SITA2 trial, ertugliflozin was added to patients 
receiving combination therapy with metformin 
and sitagliptin. Greater reductions in HbA1c, 
FPG, body weight, and systolic blood pressure 
and a greater proportion of patients with an 
HbA1c <7.0% were observed with ertugliflozin 
compared with placebo [132]. Finally, in the 
VERTIS RENAL study, ertugliflozin was stud-
ied in patients with hemoglobin A1c 7.0–10.5% 
and stage 3 CKD [estimated glomerular filtra-
tion rate (eGFR) ≥30 to <60 mL/min/1.73 m2] 
who were undergoing treatment with standard 
diabetes therapy including insulin and/or sulfo-
nylureas. At week 26, there was no significant 
reduction from baseline in A1C of ertugliflozin 
versus placebo. Per the authors, metformin use 
was precluded in 17% of patients and impacted 
the primary endpoint [133]. At the time of this 
publication, no clinical trials of ertugliflozin 
have shown any reduction or benefit in primary 
cardiovascular endpoints outside of improve-
ments in blood pressure. Ertugliflozin is primar-
ily cleared via metabolism with glucuronidation 
and is excreted in the feces and urine (Steglatro 
package insert). Use of ertugliflozin is contrain-
dicated in patients with an eGFR less than 
30 mL/min/1.73 m2. Initiation and persistent use 
of ertugliflozin are not recommended in patients 
with an eGFR of 30 to less than 60  mL/
min/1.73 m2. No dose adjustments are required 
for patients with mild renal impairment.
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 Alpha-Glucosidase Inhibitors

Alpha-glucosidase inhibitors are antidiabetic 
medications which disrupt complex carbohydrate 
absorption at the intestinal lining, thereby slow-
ing glucose absorption and lowering postprandial 
glycemic excursions [1, 134, 135]. Alpha- 
glucosidase inhibitors do not augment insulin 
secretion and therefore have low hypoglycemic 
potential as sole therapy. However, when paired 
with insulin secretagogues or insulin therapy, the 
hypoglycemic risk is increased. Notably, when 
hypoglycemia does occur in patients on acarbose 
therapy, treatment specifically requires either 
pure dextrose (glucose tablets) or lactose (milk) 
[134, 136, 137]; lactose is digested by lactase, 
a beta-glucosidase enzyme. The absorption 
of sucrose, fructose, and carbohydrates are 
inherently delayed in alpha-glucosidase inhibitor 
therapy and are thus not effective in acute hypo-
glycemia treatment [137]. Patients can also be 
treated emergently with glucagon injection or 
dextrose infusion [134, 136].

Acarbose can reduce HbA1c by ~0.5–1.00% 
in monotherapy depending on dose with average 
reduction of 0.77% [26, 134, 135]. Acarbose is 
itself a complex carbohydrate which reversibly 
and competitively inhibits both pancreatic alpha- 
amylase and alpha-glucosidase hydrolase 
enzymes at the intestinal brush border. Acarbose 
is metabolized exclusively in the gut, but ~35% 
of acarbose dose is absorbed predominantly in 
the form of 13 metabolites with less than 2% of 
the dose absorbed in parent drug form. Once 
absorbed, acarbose and metabolites are cleared 
renally with a half-life of ~2 h. Unfortunately, in 
severe renal insufficiency (GFR  <25  mL/
min/1.73  m2) there is significant accumulation 
with peak plasma levels five times higher than 
patients with normal renal function. There is also 
a trend toward higher peak levels in elderly 
patients [134]. There is a paucity of research as to 
the effects of higher acarbose levels acutely or 
long term in CKD patients. However, there is 
concern for potential rare occurrence of hepatic 
injury, and it is generally avoided in patients with 

underlying liver disease [134, 138]. Presumably, 
patients with comorbid CKD and cirrhosis could 
be at especially high risk. Primary side effects 
include flatulence and diarrhea [139]. Acarbose 
may be used without dose adjustment in early 
stages of CKD but should be avoided once eGFR 
<25 mL/min or in dialysis [2, 14]. Acarbose may 
be initiated at a dose of 25 mg TID AC; the FDA- 
approved maximum dose is 100 mg TID AC, but 
a Cochran meta-analysis suggests a maximum 
effective dose of 50  mg TID AC because of 
increased side effects without increased glycemic 
efficacy [134, 138]. Acarbose may have addi-
tional benefit in reducing myocardial infarction 
and hypertension in prediabetics although this 
has not been explicitly studied in CKD [140]. 
Further, its cardioprotective effect is likely infe-
rior to that of metformin [141].

Miglitol can reduce HbA1c by 0.26–0.81% in 
monotherapy depending on dose with average 
reduction of 0.68% [135, 136]. Miglitol is also an 
oligosaccharide which competitively inhibits 
alpha-glucosidase hydrolase enzymes. However 
unlike acarbose, miglitol is not metabolized but 
rather is absorbed in parent drug form. The 
degree of absorption is dose dependent with near 
complete absorption of a 25  mg tablet versus 
50–70% of a 100  mg tablet. Once absorbed, 
serum drug levels peak at 2–3 h, half-life is short 
at 2 h, and greater than 95% of miglitol is excreted 
renally. While systemic miglitol does not have 
hypoglycemic effect, there is twofold serum drug 
accumulation when eGFR falls below 25 mL/min 
on low-dose miglitol (25 mg TID AC), and there 
is limited long-term clinical trial data in patients 
with comorbid CKD. For these reasons, miglitol 
use is not recommended in patients with 
GFR <25 mL/min [136].

 Bromocriptine

Bromocriptine-QR (BQR) is a quick release for-
mula of the ergot alkaloid bromocriptine mesyl-
ate, a sympatholytic dopamine D2 receptor 
agonist. Bromocriptine is unique in that it acts 

5 Diabetic Pharmacotherapies in Kidney Disease



60

via resetting of the dopaminergic and sympa-
thetic tone within the central nervous system. 
There is a circadian rhythm to insulin sensitivity, 
with a decrease in early morning dopamine levels 
leading to increased sympathetic activity at the 
level of the suprachiasmatic nucleus (SCN) and 
the ventromedial hypothalamus (VMH). Animal 
studies have shown that dopamine levels are low 
in an insulin-resistant state and high norepineph-
rine causes severe insulin resistance, glucose 
intolerance, and accelerated lipolysis in hamsters 
and rats [142, 143]. Bromocriptine administra-
tion leads to a decrease in VMH noradrenergic 
levels and subsequent decline in hepatic glucose 
production, reduced lipolysis, and improved 
insulin sensitivity [144, 145].

BQR is available as a 0.8  mg tablet that is 
administered within 2  h of waking and can be 
titrated to a maximum of 4.8 mg/day. Phase 3 tri-
als have evaluated BQR efficacy as monotherapy 
and as adjunctive therapy to oral antidiabetic 
agents, demonstrating a decline in HbA1c of 
about 0.55% with BQR 4.8 mg daily versus pla-
cebo at 24  weeks [146]. BQR significantly 
reduced the fasting and postprandial glucose con-
centrations, free fatty acid concentrations, and 
triglyceride concentrations. There was no change 
in body weight. Of note, a 3070-subject random-
ized trial demonstrated a significant 40% reduc-
tion in cardiovascular events among BQR-treated 
subjects [147]. Analyzing the data for hard end-
points of myocardial infarction, stroke, and car-
diovascular death, there was a significant 52% 
reduction in relative risk with BQR therapy 
[148].

There is extensive hepatic first-pass metabo-
lism via the cytochrome CYP450 system, and 
only 2–6% appears in the urine [149]. The main 
side effects are nausea, asthenia, constipation, 
and dizziness [146]. Although these side effects 
were generally mild and transient, 13% of BQR- 
treated subjects withdrew because of adverse 
events compared with 3–5% of placebo-treated 
subjects (P < 0.01) [146]. There was no differ-
ence in serious adverse events and hypoglycemia 
between both groups. There has only been one 
study evaluating the safety of BQR in patients 
with reduced eGFR. In this trial, cardiovascular 

and renal effects were evaluated in 14 type 2 dia-
betic patients with stage 4 CKD on BQR titrated 
up to 7.5  mg daily versus placebo [150]. CrCl 
remained statistically unchanged in the BQR- 
treated group while it declined significantly in 
the placebo group; thus, it was postulated that 
BQR prevented the progression of CKD, but 
clearly additional data are needed [150].

 Bile Acid Resins

Bile acid resins are most frequently used in the 
management of hyperlipidemia. However, they 
can also improve glycemic control in combina-
tion therapy with one or more other antidiabetic 
agents. Colesevelam is the only bile acid resin 
FDA approved specifically for glycemic control. 
Colesevelam has been studied in multidrug ther-
apy including metformin, insulin, SU, and TZDs 
with significant and consistent reductions in 
HbA1c of 0.5–0.54% [151, 152].

Bile acid resins lower LDL levels by complex-
ing with bile acids within the gastrointestinal 
tract preventing reabsorption into the enterohe-
patic circulation and promoting bile acid excre-
tion [153]. The wasting of bile acids decreases 
absorption of dietary lipids and promotes conver-
sion of serum cholesterol into new bile acids. 
This effectively reduces LDL but can increase 
HDL as well as triglyceride levels [153]. The 
mechanism of glycemic improvement, however, 
is not well established. Some studies have sug-
gested that reduced bile acid levels may decrease 
stimulation of farnesoid X receptor (FXR), a 
nuclear transcription factor that regulates hepatic 
gluconeogenesis, potentially by modulating the 
expression of PEPCK, a rate-limiting enzyme in 
gluconeogenesis [153–155]. Other studies have 
shown that colosevelam therapy can increase 
postprandial GLP-1 and GIP though without con-
comitant greater insulin secretion [154, 156]. 
Clinically, colosevelam reduces both fasting and 
postprandial hyperglycemia [154]. It is associ-
ated with a low rate of hypoglycemia and does 
not cause weight gain [151]. Colesevelam can be 
considered as add-on therapy, especially in 
patients with comorbid LDL elevations [152]. It 
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is unknown if bile acid resins have antihypergly-
cemic benefit when paired with incretin therapies 
(DPP4 inhibitors or GLP-1 agonists) [152]. 
Additionally it should be avoided in patients with 
hypertriglyceridemia with serum triglyceride lev-
els greater than 500 or in patients with history of 
triglyceride-induced pancreatitis [157]. Finally, it 
is avoided in patients with history of small bowel 
obstruction or bowel motility disorders including 
gastroparesis because of its constipating effect 
[157].

Colesevelam is a water-insoluble polymer that 
is neither digested nor absorbed in the GI tract. 
No dose adjustment is necessary in renal disease. 
It is both efficacious and safe in CKD, including 
hemodialysis-dependent patients [157, 158]. A 
starting dose of 3.75 gm daily or 1.875 gm twice 
daily can be considered [157].

 Insulin

Fifty percent of endogenously secreted insulin is 
removed from the portal circulation by the liver 
via the first-pass effect [159]. Conversely, exog-
enous insulin enters the bloodstream directly, and 
a higher proportion is eliminated by the kidneys 
than with endogenous insulin. Renal clearance 
and degradation of insulin occurs via two mecha-
nisms. First, insulin is freely filtered at the glom-
erulus, then reabsorbed from the tubular lumen 
by proximal tubular cells via endocytosis, and 
degraded into smaller peptides [160, 161]. 
Second, the remaining insulin not cleared by the 
first route diffuses from peritubular capillaries 
into the tubular lumen with uptake and degrada-
tion by tubular cells [160, 162].

With progressive renal failure and conse-
quent decrease in glomerular filtration, the first 
mechanism of clearance is reduced. Peritubular 
insulin uptake increases, compensating for the 
decline in degradation of filtered insulin until 
the eGFR decreases to less than about 20 mL/
min/1.73 m2 [161]. At this point, insulin clear-
ance falls dramatically [159]. Impairment of 
kidney function leads to increased maximal 
concentration of insulin levels and prolonged 
duration of action [163].

Accordingly, the risk of hypoglycemia is 
increased in patients with CKD due to decreased 
insulin clearance but also due to impaired renal 
gluconeogenesis [3]. In a retrospective study, 
type 1 diabetics with significant creatinine eleva-
tions (mean 2.2  mg/dL) had a fivefold higher 
incidence of severe hypoglycemic episodes than 
those with normal creatinine levels at comparable 
levels of HbA1c [164]. Thus, it is critical to antic-
ipate hypoglycemia in CKD patients using insu-
lin, especially as renal function declines over 
time, and intensively monitor blood glucose and 
reduce doses as needed.

The basic principles of insulin therapy in CKD 
are the same for any diabetic patient, with basal 
insulin coverage (NPH, glargine, detemir, 
degludec) and nutritional coverage with rapid- 
acting insulin (lispro, aspart, glulisine, inhaled 
insulin) or short-acting insulin (regular). 
Unfortunately, the pharmacokinetics of the vari-
ous insulin preparations have not been well stud-
ied in varying degrees of renal dysfunction.

The prescribing information for detemir indi-
cates no change in pharmacokinetics in renal 
impairment [165]; however, detemir binds to 
serum albumin in the circulation and may be less 
predictable in patients with nephrotic syndrome 
and hypoalbuminemia [166]. Pharmacokinetics 
for glargine and NPH have not been studied in 
renal impairment [167, 168]. Degludec is a new- 
generation basal insulin with ultra-long duration 
of action. Kiss et al. found that pharmacokinetic 
properties were similar for patients with normal 
renal function; mild, moderate, severe renal 
impairment; and ESRD on dialysis.

For rapid-acting insulin analogs, package 
inserts reveal no difference in pharmacokinetics in 
renal impairment for aspart or lispro [169, 170]. 
However, Rave et al. suggested a 30–40% reduc-
tion in the clearance of regular and lispro insulins 
in patients with a mean eGFR of 54  mL/
min/1.73 m2 [163]. Glulisine has also been noted 
to have reduced clearance of 20% in moderate 
renal impairment (CrCl 30–50 mL/min) and 25% 
in severe renal impairment (<30  mL/min) with 
subsequent 29% and 40% increase in insulin expo-
sure, respectively, compared to normal renal func-
tion [171]. The effect of renal impairment on 
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pharmacokinetics of inhaled insulin has not been 
studied [172]. However, the carrier molecule, 
fumaryl diketopiperazine, appears to have an 
18–25% higher AUC in the setting of mild and 
moderate renal impairment, respectively, a longer 
half-life, and a 52% greater overall exposure com-
pared to subjects with normal renal function [173].

There are no specific guidelines outlining dos-
ing adjustments based on the level of 
eGFR.  However, Biesenbach et  al. found that 
insulin requirements were reduced by 51% in 
type 2 diabetes as eGFR deteriorated from 80 to 
10 mL/min/1.73 m2 [174]. One recommendation 
is that insulin dosage be reduced by 25% when 
eGFR decreases to between 10 and 50  mL/
min/1.73 m2 and that insulin dosage be reduced 
by 50% when eGFR decreases to <10  mL/
min/1.73 m2 [166]. For prandial insulin coverage, 
rapid-acting insulin analogs may be of benefit 
given their quick onset, shorter duration of action 
compared to regular insulin, and the possibility 
of being administered after meals in patients with 
unreliable oral intake [175].

For patients on multiple daily injections (MDI), 
an insulin pump infusing rapid-acting insulin con-
tinuously and a continuous glucose monitor may 
allow for fine-tuning of dose adjustments and 
improve quality of life. There are no studies to show 
a lower risk of hypoglycemia or better glycemic 
control with the use of insulin pumps or continuous 
glucose monitoring in CKD patients. However, 
these may be good options in patients who are chal-
lenged in achieving glycemic control on MDI, 
under the management of an endocrinologist.

With the initiation of dialysis, peripheral insu-
lin resistance improves with clearance of uremic 
toxins, and patients will likely require further insu-
lin dose reductions [159]. Sobngwi et al. demon-
strated at 15% decrease in the daily insulin needs 
on the day after hemodialysis compared to that of 
the day prior and a significant reduction of basal 
hourly insulin requirements by 25% in a 24-h eug-
lycemic clamp study of type 2 diabetic patients on 
maintenance hemodialysis [176]. In light of this, 
we recommend evaluation of glycemic patterns in 
relation to dialysis time and day to determine if the 
insulin regimen needs to be varied.

In contrast, patients undergoing peritoneal 
dialysis (PD) are exposed to high concentrations 
of glucose in the dialysate. Generally 60–80% 
of glucose from PD solution instilled in the peri-
toneal cavity is absorbed, though the daily 
amount depends on the glucose concentration in 
the solution [177]. Blood sugars can be difficult 
to manage and may require a combination of 
insulin (SC or intraperitoneal (IP)), oral hypo-
glycemic agents, and minimally absorbed non-
glucose- based solutions (icodextrin). IP insulin 
passes directly into the portal vein and allows 
for more rapid absorption, better insulin sensi-
tivity, and minimization of blood glucose fluc-
tuations compared to SC administration [159, 
177]. Dosing for IP insulin is twofold higher 
than with SC insulin [178], in part due to 
14% ± 5% of insulin added to dialysate being 
adsorbed onto the dialysate delivery system 
[179]. Some disadvantages are higher cost due 
to larger dose of insulin required, increased risk 
of peritonitis, worsening lipid profile, and 
hepatic steatosis [177].

Management of diabetic patients with CKD 
and ESRD on dialysis can be very complex. 
These patients would benefit from tailored indi-
vidual therapy, and optimization of care will 
likely require a partnership between a nephrolo-
gist and an endocrinologist.

 Amylin Analog

Amylin is a neuroendocrine hormone that is co- 
secreted from beta cells with insulin. Beta-cell 
deficiency in type 1 and in advanced type 2 dia-
betes leads to loss of both insulin and amylin. 
Amylin improves postprandial glycemic control 
by slowing gastric emptying, centrally increasing 
satiety, and suppressing glucagon secretion, 
thereby suppressing hepatic glucose production 
[180, 181].

Pramlintide is an amylin analog which dif-
fers from amylin at three sites of phosphoryla-
tion rendering it biochemically stable for 
pharmacologic use while maintaining the 
glycemic- lowering effects of amylin [181, 
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182]. In type 1 and type 2 diabetic patients 
with suboptimal control on insulin therapy, 
pramlintide can be considered as add-on ther-
apy. The addition of pramlintide to insulin can 
reduce HbA1c 0.25–0.34% in type 1 diabetics 
and 0.30–0.34% in type 2 diabetics in compari-
son to placebo and insulin after 6  months of 
treatment [183]. It also has the benefit of mild 
weight loss and reduction in the total daily 
dose of insulin [181].

Unfortunately, pramlintide has multiple 
adverse effects and can be clinically difficult to 
implement. Pramlintide is a subcutaneous injec-
tion which cannot be combined with insulin 
because of differences in pH precipitation [182, 
183]; patients therefore require two separate 
injections prior to meals. Pramlintide addition-
ally causes a significant increase in the incidence 
of severe hypoglycemia when used in combina-
tion with insulin therapy, and it is contraindicated 
in patients with hypoglycemic unawareness 
[183]. To increase safety, all patients initiating 
pramlintide therapy should preemptively reduce 
their mealtime insulin by 50% and should have a 
history of good medication compliance, glucose 
monitoring, and clinic attendance [183, 184]. It is 
also contraindicated in patients with known gas-
troparesis because of its effect on gastric empty-
ing and the frequent incidence of nausea. Of note, 
the slowed gastric emptying that occurs with 
pramlintide can affect absorption of oral medica-
tions. To avoid this, oral medications should be 
given either 1 h before or 2 h after pramlintide 
injection [184].

Pramlintide is metabolized in the kidney into 
an active metabolite (2,37 pramlintide). The half- 
life of pramlintide is 50 min, peak serum levels 
occur at 20 min, and it is predominantly cleared 
within 3  h of administration [183]. Pramlintide 
may be safe in patients with eGFR >30 and may 
be used without dose adjustment as there has 
been no increase in AUC or peak serum levels 
noted [21, 183]. However, it has not been studied 
in ESRD and should be avoided [21, 183]. A 
starting dose of 15 mcg for type 1 diabetics and a 
starting dose of 30 mcg for type 2 diabetic can be 
considered [183].

 Impact of Antihyperglycemic 
Agents on Renal Function

Several classes of agents have now been shown to 
have positive impact on proteinuria and/or eGFR. 
This may be considered when choosing antihy-
perglycemic therapy. TZD activity on the kidney 
is not entirely understood but likely multifacto-
rial and overall positive. TZDs have been shown 
to reduce capillary and glomerular pressures, 
inflammatory markers (IL-1, TNF-alpha, IL-6) in 
tubular and mesangial cells, and the contractility 
of mesangial cells; mechanistically it appears 
that some of these changes may be related to 
inhibition of angiotensin II receptor expression 
leading to general suppression of the renin-
angiotensin system [96, 97]. TZD-induced 
changes result in decreased glomerular hyperfil-
tration and its sequela [95]. In clinical studies, 
TZD therapy reduces albuminuria in both mono- 
and combination therapies when compared to 
insulin, SU, alpha-glucosidase, and metformin 
therapies despite similar HbA1c reductions rein-
forcing that improvement is not from better gly-
cemic control alone [95, 185]. Animal studies 
suggest that TZDs could have equivalent if not 
superior renoprotective effect in reducing pro-
teinuria compared with angiotensin-converting 
enzyme (ACE) inhibitors [95, 186]. Whether or 
not reduced proteinuria in TZD therapy results in 
slowing of CKD progression or improved GFR is 
less well established. Due to lack of long-term 
clinical data at this time, TZD therapy should not 
be explicitly chosen for renoprotection.

SGLT2 inhibition appears to slow decline in 
renal function as well as death from renal dis-
ease. In the EMPA-REG OUTCOME trial, 
microvascular disease was a prespecified sec-
ondary outcome; empagliflozin reduced inci-
dent or worsening nephropathy (defined by 
progression to macroalbuminuria, doubling of 
creatinine, initiation of renal replacement ther-
apy, or death from renal disease) by 39% (12.7 
vs 18.8%), and reduced progression to macroal-
buminuria by a similar degree (11.2 vs 16.2%) 
[111, 113]. These renal benefits were even seen 
in patients with eGFR 30–45  mL/min/1.73m2, 
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even though these patients did not achieve gly-
cemic benefit. Similarly, in the CANVAS pro-
gram, canagliflozin reduced progression of 
albuminuria, and a post hoc exploratory analy-
sis revealed reduction in the composite out-
come of sustained 40% reduction in eGFR, 
need for renal replacement therapy, or death 
from renal causes [114, 187]. As described ear-
lier for TZDs, it is thought that the renal bene-
fits of the SGLT2 inhibitors are likely due to 
lowering of blood pressure, decrease in intra-
glomerular pressure, reduction in albuminuria, 
and amelioration of volume overload [188]. It 
is notable that there have also been reports of 
acute kidney injury with use of canagliflozin 
(www.accessdata.fda.gov/drugsatfda_docs/
label/2016/204042s015s019lbl.pdf accessed 
9-26-18) and dapagliflozin (http://www.fda.
gov/Drugs/DrugSafety/ucm505860.htm, 
accessed 9-26-18), including patients requiring 
hospitalization and dialysis. It is postulated that 
perhaps this occurred in patients who were 
dehydrated, hypotensive or on additional medi-
cations which may have contributed to renal 
dysfunction when started on these agents. As 
with the TZDs, definitive long-term renal out-
comes regarding the effects of SGLT2 inhibi-
tors are likely to be further elucidated when the 
results of ongoing studies are published.

Similarly, cardiovascular outcome studies for 
the GLP-1 receptor agonists often explored renal 
impact of these agents as secondary endpoints. 
Liraglutide resulted in significant 22% reduction 
in the combined endpoint of new-onset persistent 
macroalbuminuria, persistent doubling of the 
serum creatinine, end-stage renal disease, or death 
due to renal disease; results were driven by lower 
incidence of new-onset persistent macroalbumin-
uria [189]. Semaglutide similarly reduced new or 
worsening nephropathy defined by new macroal-
buminuria [42]. This reduction in the development 
of macroalbuminuria may be due to observed 
reduction in systolic blood pressure in treated 
patients [42]. This cannot be clearly delineated as 

a class effect as it was not observed with lixisena-
tide [190]. In contrast, exenatide has been noted to 
be associated with acute renal failure, and this was 
most prominently described in patients with nau-
sea, vomiting, reduced fluid intake, and concomi-
tant use of an ACE inhibitor (www.fda.gov/Safety/
M e d W a t c h / S a f e t y I n f o r m a t i o n /
SafetyAlertsforHumanMedicalProducts/
ucm188703.htm accessed 9-26-18); its use is con-
traindicated in the setting of significant renal dys-
function, i.e., eGFR <30 mL/min/1.73m2. As with 
the other agents, further data are needed to eluci-
date long-term renal effects of these agents.

A small study exploring renal benefits of the 
DPP-4 inhibitor linagliptin failed to show 
change in eGFR or albuminuria despite 
improved glycemic control [191]. Over the next 
several years, it is expected that additional data 
to shed light on renal benefits of antihypergly-
cemic agents and their clinical applications will 
be forthcoming.

 Conclusion

Management of diabetes in CKD requires an 
understanding of the alterations in the pharmaco-
kinetics of antihyperglycemic medications due to 
reduced renal clearance, increased levels of 
unbound drug, and uremic disruption of hepatic 
and GI drug metabolism. In addition, reduced 
renal gluconeogenesis and decreased food intake 
limit the ability of patients with CKD to ade-
quately compensate for hypoglycemia. As a 
result, attention to drug interactions and cautious 
dose titration become increasingly important as 
renal disease progresses. Patients will require 
close glucose monitoring and dose reductions of 
insulin and/or oral antihyperglycemic medica-
tions to prevent hypoglycemic events. Ideally, 
treatment of diabetes in CKD should involve a 
close partnership between the patient’s primary 
care physician, an endocrinologist, and the 
nephrologist (Table 5.1).
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Diabetes Mellitus and Renal 
Transplantation

Curtiss B. Cook and Harini Chakkera

 Introduction

Chronic kidney disease (CKD) continues to 
be a leading cause of morbidity and mortality 
in the United States (USA). It is estimated that 
nearly 26 million people nationally have renal 
disease, and kidney disease is the ninth leading 
cause of death in the USA. More than 661,000 
Americans have end-stage renal disease (ESRD). 
Of these, 468,000 individuals are on dialysis. 
Approximately 193,000 live with a functioning 
kidney transplant, and more than 100,000 await 
a transplant [1]. Among the causes of ESRD in 
the USA, a substantial portion (44%) are due to 
diabetes mellitus (DM) [2].

 Changes in Glucose Homeostasis 
During Peri-Kidney Transplantation

Hyperglycemia is a well-known complication 
after solid organ transplantation, even among 
those without DM [3–8]. Among kidney transplant 

patients, hyperglycemia is of particular concern 
because approximately 23% of kidney transplant 
recipients have ESRD as a result of DM [9], and 
maintaining good glucose control after transplan-
tation is necessary to prevent recurrent diabetic 
nephropathy [10]. However, hyperglycemia may 
also occur de novo (i.e., among patients without 
known diabetes). DM developing following trans-
plant is often termed new-onset diabetes after 
transplantation (NODAT). NODAT has been 
shown to adversely affect long-term graft and 
patient outcomes [11, 12]. This chapter summa-
rizes current knowledge of NODAT and ends with 
a discussion about possible prevention strategies.

 Changes in Glucose Homeostasis 
During the Immediate 
Posttransplant Period

Concerns over hyperglycemia in the renal trans-
plant patient begin right after surgery. The authors 
have previously defined the immediate post-
transplant period as the days occurring while the 
patient is still hospitalized postoperatively [13]. 
Using this definition, patients have been strati-
fied into two hyperglycemic subpopulations: (1) 
individuals with known (or preexisting) DM and 
(2) persons without preexisting DM but who 
develop high glucose levels while inpatients. The 
stress of surgery and use of immunosuppressive 
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 medications, in particular glucocorticoids, can 
cause hyperglycemia in persons without pretrans-
plant DM or exacerbate hyperglycemia in those 
with known DM.

Hyperglycemia in the hospital is associated 
with poorer patient outcomes (such as higher 
mortality or greater costs). Current standards of 
care emphasize the need to optimize inpatient 
glycemic control, with a goal of 140–180 mg/dL 
in non-critically ill patients, including those who 
are postoperative [14–17]. Thus, strategies to 
monitor and treat hyperglycemia apply to renal 
transplant patients in the immediate posttrans-
plant period as they would be for any other 
inpatient.

In a study cohort of 424 renal transplant recipi-
ents (25% with pretransplant DM), all patients 
with and 87% without pretransplant DM had evi-
dence of hyperglycemia, whereas the prevalence 
of hypoglycemia was low (4.5%) [18]. 
Hyperglycemia persisted until hospital discharge. 
All patients with pretransplant DM and 66% with-
out known pretransplant DM required insulin 
therapy at hospital discharge. Patients with pre-
transplant DM were managed primarily with 
short-acting insulin during the first 24 h postop-
eratively but eventually required a long-acting 
insulin as the hospital stay progressed to better 
control hyperglycemia. Moreover, glycemic con-
trol varied throughout the hospital stay. The mid-
dle 24-h period of the 4-day median hospital stay 
exhibited the highest glucose values, likely corre-
sponding to the peak effect of steroids because all 
transplant patients received high doses of steroids 
for the first 4–5 days after transplantation [18].

The above data underscores the need for inpa-
tient care teams to monitor glucose levels vigi-
lantly throughout the hospital stay and to be 
prepared to institute, review, and modify insulin 
therapy daily. Identification of hyperglycemia 
during the immediate posttransplant period and 
optimization of inpatient glycemic control while 
the patient is still hospitalized would assure a 
smoother transition to the outpatient setting and 
potentially decrease readmissions due to glucose- 
related problems. Moreover, given the high fre-
quency of hyperglycemia and need for insulin, 
even among those without pretransplant DM, 

resources must be made available to provide edu-
cation in self-monitoring of blood glucose and 
insulin administration to patients since effective 
inpatient DM education can reduce hospital read-
missions [19].

 New-Onset Diabetes After Kidney 
Transplantation

A recent analysis demonstrated that among 
patients without a pretransplant history of DM, 
hyperglycemia following hospital discharge can 
be both remitting and relapsing. Hyperglycemia 
with glucose values meeting criteria for DM that 
either persists or which recurs and does not 
resolve would then be defined as NODAT [20]. 
NODAT is a common complication of kidney 
transplantation. Prior studies show that approxi-
mately 15–30% of nondiabetic kidney transplant 
recipients develop NODAT in the first posttrans-
plant year [7, 21, 22]. Many more develop 
impaired glucose regulation, not quite meeting 
diagnostic criteria for diabetes. Additionally, it 
has been reported that among the cohort of non-
diabetics who required insulin therapy during 
hospitalization posttransplant, there was a four-
fold increase in NODAT at 1 year after transplant 
(relative risk [RR] 4.01; confidence interval [CI], 
1.49–10.7; P = 0.006) [23].

 Clinical and Economic Significance 
of NODAT

Kidney transplantation is the best therapy for 
ESRD [24], but subsequent development of 
impaired glucose regulation or NODAT under-
mines the many benefits of kidney transplanta-
tion by lowering allograft and patient survival 
and impairing quality of life [12, 25]. In a United 
States Renal Data System (USRDS) study of 
11,659 patients transplanted between 1996 and 
2000, NODAT was associated with a >60% 
increased incidence of graft failure (hazard rate 
(HR) ratio = 1.63, 1.46–1.84) and an almost 90% 
increased mortality rate (HR ratio = 1.87, 1.60–
2.18) [7]. Another analysis of USRDS data 
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demonstrated frequent occurrence of diabetic 
complications, including ketoacidosis, hyperos-
molarity, ophthalmic complications, neurologic 
complications, and hypoglycemic shock, in 
patients with NODAT [26]. NODAT also 
increases the annual cost of posttransplant care 
from $15,000 to $36,500 annually [22].

 It Is Important to Decrease 
the Incidence of NODAT

Compelling reasons to develop clinical interven-
tion strategies that decrease the incidence of 
NODAT include (1) avoidance of chronic com-
plications of DM in the transplant recipient, (2) 
protection of the patient’s personal and also the 
social investment made in the transplant recipi-
ent, and (3) optimization of the distribution of a 
scarce resource (a kidney) so that allografts have 
good outcomes and recipients do not rejoin the 
list of those waiting for a kidney. Understanding 
the pathophysiology of NODAT may point to 
interventions that may help to decrease its 
incidence.

 Timing of NODAT

During the first year after transplantation, there is a 
five- to sixfold higher incidence of new-onset DM 
than in patients who remain on the transplant wait-
ing list, with a decline after the first transplant year 
to an annual incidence of 4–6% [22]. One retro-
spective observational study of Medicare beneficia-
ries estimated the incidence of NODAT occurring in 
the majority of patients within the first 3–6 months 
after transplant [11, 27]. Earlier development of 
NODAT, usually within 1 year after transplant, can 
occur among patients with seemingly normal glu-
cose metabolism before transplantation. The risks 
for earlier development relative to those who 
develop NODAT after the first year are not well 
understood. One hypothesis is that NODAT and 
type 2 DM share a common pathophysiology. If so, 
then NODAT results from similar risk factors for 
type 2 DM that then interact with transplant-related 
factors that then accelerate NODAT development.

 Pathogenesis of NODAT

Traditional type 2 risk factors (older age, obesity, 
minority race/ethnicity, family history of type 2 
DM, hepatitis C seropositivity) increase the 
chances of developing DM. Additionally, charac-
teristics unique to transplant recipients (immuno-
suppressants and cytomegalovirus [CMV] 
infection) that are associated with NODAT [7, 
28, 29] place the renal transplant patient at greater 
risk of developing DM.  Immunosuppressive 
drugs, including glucocorticoids, calcineurin 
inhibitors (tacrolimus and cyclosporine), and 
mTOR inhibitors (sirolimus and everolimus) [30, 
31] are other variables associated with higher 
odds of NODAT.

The mechanism of impaired glucose metabo-
lism caused by immunosuppressive agents varies 
according to the drug. Glucocorticoids lead to an 
increase in insulin resistance, enhanced gluco-
neogenesis in the liver, and decreased glucose 
uptake and glycogen synthesis in skeletal muscle. 
Calcineurin inhibitors (CNIs) also cause 
increased insulin resistance but also impaired 
insulin secretion [31–33]. CNIs inhibit the acti-
vation of a nuclear factor of activated T-cells 
(NFAT), the transducer of regulated cAMP 
response element binding (CREB) protein 2 
(TORC2), and the P13K/Akt pathway. These 
mechanisms lead to diminished pancreatic beta 
cell survival in murine models [33]. Studies in 
mouse models indicate that calcineurin signaling 
may indirectly affect the insulin sensitivity of 
skeletal muscle. Additional studies of the effects 
of calcineurin inhibition on beta cell survival 
and/or insulin resistance in humans are war-
ranted. Initially believed to be devoid of diabeto-
genic effects [34], single-center and large registry 
studies later found mammalian targets of rapamy-
cin (mTOR) inhibitors such as sirolimus to be 
associated with higher risk for NODAT indepen-
dent of the effects of CNI [30, 35]. Proposed 
pathogenic mechanisms of mTOR-induced glu-
cose intolerance include impaired 
 insulin- mediated suppression of hepatic glucose 
production, ectopic triglyceride deposition lead-
ing to insulin resistance, and direct pancreatic 
beta cell toxicity.
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 Can Lifestyle Modification 
Be Adapted for Prevention 
of NODAT?

Randomized clinical trials have confirmed that 
intensive lifestyle interventions that incorporate 
dietary changes, exercise, and modest weight loss 
can delay or prevent the onset of type 2 DM [36–
38]. It would seem reasonable to translate such 
strategies to the population with CKD or those 
that underwent renal transplantation. Several 
compelling lines of evidence support the idea that 
lifestyle intervention, implemented before and 
immediately after transplantation might lower 
the incidence of NODAT. As noted above, type 2 
DM and NODAT share similar risk factors. The 
prevalence of obesity (body mass index [BMI] 
≥30 kg/m2) at the time of transplantation in the 
USA has doubled between 1987 and 2001 [39]. 
Since higher BMI pretransplant correlates with 
insulin resistance after transplantation, lifestyle 
interventions that promote weight loss seem rea-
sonable interventions. For the purpose of decreas-
ing the incidence of NODAT, reduction of fat 
mass might best begin in patients awaiting trans-
plantation. Prevention efforts could be beneficial 
following transplant, especially since there is an 
observed weight gain of 10% during the first year 
after transplant [40].

The timing of a lifestyle intervention program 
remains uncertain in the renal transplant popula-
tion. Prior studies documented a survival benefit 
associated with increased BMI in patients on 
dialysis [41, 42]. However, BMI in these studies 
could represent either higher muscle mass or 
greater fat mass. Recent reports suggest that 
greater BMI is associated with higher muscle 
mass, rather than higher fat mass [43, 44]. 
Furthermore, in a longitudinal study of 121,762 
hemodialysis patients, declining serum creatinine 
(a surrogate for muscle mass) over time was a 
stronger predictor of mortality vs. weight loss, 
also suggesting that the protective effect of high 
BMI is a result of muscle mass rather than fat 
mass [44]. Thus, an intervention aimed at increas-
ing lean body mass before transplantation may 
decrease the incidence of NODAT [45, 46] as 
well as conferring improved allograft and patient 

survival [13]. Further clinical studies are needed 
to confirm this hypothesis.

Patients with CKD self-report low levels of 
physical activity [47] and the time-intensive 
requirements of in-center hemodialysis (i.e., 
three times per week for 3–4 h per treatment) 
lead to prolonged periods of inactivity. Studies 
have shown that hemodialysis patients have 
lower physical activity on dialysis days than in 
non-dialysis days, and a majority of the 
reduced activity is explained by less movement 
recorded during dialysis treatment [48]. Other 
factors, such as anemia, hypervolemia, and 
uremic cachexia, may contribute to decreased 
physical activity in patients on chronic 
hemodialysis.

Thus, due to a number of patient-related fac-
tors, a type 2 DM-like prevention program may 
not be possible during the pretransplant period. 
Since current antirejection therapies are well- 
established risk factors for NODAT but have few 
effective alternatives, the potential effectiveness 
of lifestyle changes may be the only modifiable 
NODAT risk factors and assume even greater 
importance in the posttransplant period. The fea-
sibility and efficacy of a lifestyle intervention 
program to lower the incidence of NODAT 
requires additional study.

 Drugs for Preventing NODAT

Previous studies have reported a high incidence 
of hyperglycemia during the immediate post- 
renal transplant period [18, 23]. During this phase 
of care, the patient is exposed to several stressors 
including the surgical procedure itself, high-dose 
corticosteroids, and initiation of CNIs that pro-
mote hyperglycemia. While lifestyle changes are 
most effective in reducing risk of developing type 
2 DM [36–38], pharmacological approaches have 
also shown promise.

Resting the beta cell with basal insulin and 
optimizing beta cell protection with tighter con-
trol to near-normoglycemic levels could further 
reduce the number of patients with future 
impaired glucose tolerance and NODAT.  For 
instance, a recent study of nondiabetic subjects 
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randomized two groups in the immediate postop-
erative period. The first was the basal insulin 
group where basal insulin treatment was initiated 
with a morning dose of 6, 8, or 10 IU of isophane 
insulin for previous evening blood glucose >140–
180, >180–240, or >240  mg/dL, respectively, 
with doses adjusted to reach a target glucose of 
110–120 mg/dL (treatment group). Short-acting 
insulin was used for corrections of hyperglyce-
mia when needed. The control arm received 
short-acting insulin and/or oral agent therapy for 
hyperglycemia for blood glucose levels ≥180 mg/
dL.  Results demonstrated that the treatment 
group had a significantly lower odds of NODAT 
(OR  =  0.27, CI  =  0.10–0.72) compared to the 
control group, with an average HbA1C 0.38% 
lower in the treatment group [49].

Other pharmacological agents, especially 
metformin [36] and pioglitazone [50] have also 
been shown to be effective in the prevention of 
type 2 DM. Due to their adverse effects, their use 
in CKD and ESRD is restricted. Acarbose [51] 
and rosiglitazone [52] also reduce the risk of 
developing type 2 DM, but after transplantation, 
metformin or pioglitazone are prescribed off- 
label for treatment of preexisting type 2 DM or 
NODAT in patients with good allograft function 
[53]; however, no study has investigated a role 
for either of these agents in the prevention of 
NODAT.

 Conclusion

Kidney transplantation is the best therapy for 
ESRD; however, patients receiving a new kidney 
are at risk for developing NODAT, and NODAT 
affects allograft and patient survival. With the 
rise in obesity among patients waiting for a kid-
ney transplant, an anticipated increase in the 
number of patients with NODAT can be expected. 
Studies to test safe and effective interventions to 
reduce the incidence of NODAT are needed. 
Evidence supporting successful prevention of 
type 2 DM strongly suggests that similar inter-
ventions should be tried in the kidney transplant 
population and perhaps should even be intro-
duced into the pretransplant period. Clinical trials 

of interventions to prevent NODAT are needed to 
determine the best timing for such interventions 
and to determine their long-term effects on graft 
and patient survival. If successful, lifestyle inter-
ventions might ultimately improve quality of life, 
reduce morbidity and mortality, and decrease the 
economic impact of NODAT on the renal trans-
plant population.
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 Introduction

Disorders of thyroid function, especially hypo-
thyroidism, are more prevalent in patients with 
chronic kidney disease (CKD) and end-stage 
renal disease (ESRD), compared to the general 
population [1]. While tests for thyroid function 
are among the most common hormonal tests 
ordered, the interpretation of thyroid function 
tests can be obscured by multiple entities in 
patients with renal disease, including non- 
thyroidal illness syndrome (NTI), malnutrition, 
inflammation, iodine retention, metabolic aci-
dosis, medications, mineral deficiencies, and 
dialysis. Several studies have shown that both 
hypothyroidism and hyperthyroidism are asso-
ciated with increased cardiovascular morbidity 
and mortality in CKD and ESRD [1]. It is 
important, then, to understand which thyroid 
function test results represent authentic thyroid 
dysfunction, rather than changes secondary to 
renal disease.

In this chapter, we will review commonly 
ordered tests of thyroid function, alterations asso-
ciated with renal disease, testing for thyroid auto-
immunity, and the impact of medications on 
thyroid hormone measurements and thyroid hor-
mone absorption, relevant for the many kidney 
disease patients that take levothyroxine therapy.

 TSH Measurement

Thyroid-stimulating hormone (TSH) is produced 
in the pituitary gland and released in response to 
feedback from thyroxine (T4) and triiodothyro-
nine (T3). In the general population, TSH is used 
for screening for thyroid dysfunction because it is 
an exquisitely sensitive test for assessing thyroid 
status since there is a negative logarithmic associa-
tion between serum TSH with T4 (small changes 
in T4 result in exponential changes in TSH) [2].

Measurement of thyroid-stimulating hormone 
(TSH) has changed dramatically over the past 
70 years. McKenzie developed the first sensitive 
assay to measure TSH in 1958 and could detect 
elevated TSH in mice, but there was significant 
variability in the assay, up to 25% [3]. Over the 
next several decades, more accurate methods for 
measuring TSH were established. 
Radioimmunoassays (RIA) were developed, 
which used radiolabeled isotopes (usually with 
I125) of TSH to bind to an antibody in a sample. 
When mixed with the patient’s serum, the 
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patient’s TSH competes with the radiolabeled 
TSH, decreasing the amount of known radiola-
beled TSH in the sample, thus giving an indirect 
measurement of TSH. Although RIA, which was 
mostly used between the 1960s and 1985, was 
superior to prior methods, it still had limited 
functional sensitivity and could not detect levels 
below 1.0 mIU/L, so the TSH test was useful 
only for assessing hypothyroidism, when the 
TSH level was elevated [4].

The discovery of monoclonal antibodies led 
to the development of the more modern and sen-
sitive “sandwich” immunometric assay (IMA) 
in the mid-1980s. In this test, a patient’s serum 
is mixed with two antibodies of TSH. Antibodies 
are sequentially added to bind TSH, one con-
tained in a solid support (tube, bead, adsorption 
gel, or magnetic microparticle), and the other 
TSH antibody, to a different epitope, binds the 
TSH at a different site [3, 4]. With the advent of 
IMA using isotopic signals (I I125), there was a 
tenfold improvement in sensitivity compared to 
RIA methods (~0.1mIU/L). Further advances in 
IMA using non-isotopic signals, such as immu-
nochemiluminometric assays and immunoenzy-
mometric assays, are now able to detect levels 
as low as 0.01 mIU/L and are the standard of 
care [4, 5]. These assays, with the sensitivity to 
separate normal from abnormally reduced val-
ues, allowed for assessment of patients with 
hyperthyroidism.

 TSH Levels in Chronic Kidney Disease 
Patients

In CKD and end-stage renal disease (ESRD), 
TSH alterations may be observed due to impaired 
pulsatility, reduced renal clearance of TSH, 
diminished response to thyrotropin-releasing 
hormone (TRH), or due to non-thyroidal illness 
(NTI) [1, 6]. The diurnal variation in TSH pro-
duction, the reverse of the cortisol cycle that 
drives TSH, is characterized by a TSH rise in the 
evening, when cortisol is at its nadir, and is 
reduced in the early morning as cortisol rises. 

This variation of TSH is diminished or absent in 
chronic hemodialysis patients and the periodicity 
of TSH is shorter [6]. Renal clearance of TSH 
appears to be reduced by about 57% in patients 
with CKD compared to normal subjects [6, 7]. In 
patients with acute renal failure who were given 
TRH, all had a blunted TSH response, which 
returned to normal after resolution of acute renal 
failure [8]. Responses to TRH are also blunted in 
patients with ESRD both before and after hemo-
dialysis [6].

CKD has been associated with a rise in serum 
TSH based on multiple cross-sectional studies 
[9–11]. In a study of the Third National Health 
and Nutrition Examination Survey (NHANES 
III) respondents, there was a higher prevalence of 
hypothyroidism (defined as TSH  >4.5 mIu/l or 
treatment with thyroid hormone replacement 
therapy) in patients with lower estimated glomer-
ular filtration rates (eGFRs). Patients with eGFR 
of <30 ml/min/1.73m2 had a prevalence of hypo-
thyroidism of 23% as compared to patients with 
normal GFR of >90 ml/min/1.73m2 who had only 
a 5% prevalence of hypothyroidism [9]. In a 
cross-sectional analysis of almost 30,000 patients 
in Norway, a rise of serum TSH by 1-mIU/mL 
was associated with a reduction of eGFR by 1.9% 
(95% CI 1.5–2.3%) [10]. In this same study, TSH 
levels in the lower quartile (subclinical or overt 
hyperthyroidism) were associated with higher 
eGFRs.

At least one study has found a higher propor-
tion of progressive CKD in patients with lower 
TSH [9–12]. The Rotterdam Study followed 
5013 patients from several regions in the 
Netherlands. Thyroid function (using electroche-
miluminescence assays to measure TSH and T4) 
and serum creatinine levels were determined over 
time. In the cross-sectional analysis, patients 
with hypothyroidism (defined as TSH >4.0 IU/L) 
were noted to have lower eGFR, whereas patients 
with overt hyperthyroidism (defined as TSH 
<0.4 IU/L and free T4 >25 pmol/L) had a higher 
baseline eGFR. In a longitudinal analysis, eGFR 
declined less in the hypothyroid group than in 
patients with lower TSH levels [12].
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Most of the studies examining the relationship 
between CKD and hypothyroidism found in the 
literature are retrospective or cross-sectional. 
However, in a recently published prospective 
study of more than 100,000 euthyroid Korean 
patients, there was a positive correlation between 
higher serum TSH and incident CKD, with a haz-
ard ratio of 1.59 (95% CI 1.29 to 2.95; p < 0.001) 
of developing CKD comparing the highest and 
the lowest quintiles of TSH [13].

Although TSH may be higher in CKD patients, 
it is difficult to differentiate between true thyroid 
dysfunction and changes that occur with non- 
thyroidal illness (NTI) in this population. Non- 
thyroidal illness is a state of dysregulation of 
thyrotropic feedback control during times of 
acute or chronic stress or critical illnesses such as 
sepsis, trauma, heart failure, starvation, cirrhosis, 
or diabetic ketoacidosis. NTI or “euthyroid sick 
syndrome” is characterized by a wide variety of 
measured thyroid hormone abnormalities, but the 
hallmark is the absence of primary thyroid dis-
ease, and the changes are only seen due to the 
stress of illness. Thyroid abnormalities encoun-
tered during NTI may include elevated, normal, 
or low TSH with low T4 and T3. Total T3 and 
total T4 levels are low, in part, due to decreased 
binding protein concentrations or impaired T4 or 
T3 binding [14]. While in most hospitalized 
patients, repeating thyroid testing after the stress 
or illness is resolved will help to differentiate 
between true thyroid dysfunction and NTI, CKD 
is by nature chronic and progressive, making the 
distinction between true thyroid dysfunction and 
NTI more challenging.

In a meta-analysis which included five studies 
of patients with CKD and thyroid function mea-
surements, patients with CKD were noted to have 
elevated TSH with a normal free T4 in 1.6 to 28% 
of patients [15]. In a prospective study of patients 
on dialysis, patients with transient elevations in 
TSH were monitored over 14 months, and none 
of the patients progressed to overt hypothyroid-
ism [17]. However in one cross-sectional analysis 
of 64 patients on hemodialysis, 82% of patients 
who had elevated TSH also had low free T4, with 

symptoms consistent with hypothyroidism, rather 
than NTI [16].

In several studies of patients with ESRD on 
dialysis, patients with elevated TSH were noted 
to have normal total and free T4 [5, 18, 19], con-
sistent with NTI. However, in one of these studies 
of 1689 patients with various stages of CKD, 
while there were 39.4% of patients noted to have 
NTI based on elevated TSH and normal FT4, 
22% of patients did have evidence of hypothy-
roidism based on elevated TSH and low FT4 
[19]. In the cohort of patients with CKD stage 5 
(eGFR <15 ml/min/1.73m2, n = 18), 50% of these 
patients were noted to have NTI, while only 
11.1% (n = 2) had hypothyroidism.

Although TSH has been shown to be elevated 
in patients with CKD, it is still unclear whether 
this is due to true thyroid dysfunction, changes in 
renal clearance leading to elevations in TSH, 
decreased responsiveness to TRH, or related to 
chronic illness, as is seen in other NTIs. 
Retrospective studies showing increased adverse 
cardiovascular outcomes and mortality in CKD 
and dialysis patients with even modestly elevated 
serum TSH suggest that these changes are likely 
significant. Prospective studies are needed, 
including evaluation for improvements in out-
come with levothyroxine treatment, to determine 
causality of thyroid dysfunction or whether the 
TSH changes are markers of more severe disease. 
It is clear, though, that thyroid function affects 
kidney function, and kidney function appears to 
affect measurements of thyroid function.

 Measuring Free Thyroxine and Free 
Triiodothyronine

The majority of thyroxine (T4) and triiodothy-
ronine (T3) circulate bound to plasma proteins, 
99.97% and 99.7%, respectively. While T4 is 
bound to thyroid-binding globulin (TBG) (60–
75%), transthyretin (15–30%), and albumin 
(10%), T3 is primarily bound to TBG [3]. Free 
T4 (FT4) and free T3 (FT3) may be measured 
by various methodologies including indirect 
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index methods, two-step labeled immunoas-
says, one-step labeled hormone methods, and 
direct free T4 (FT4) or FT3 assays using equi-
librium dialysis with liquid chromatography-
tandem mass spectrometry or ultrafiltration 
[20, 21].

An older method of determining FT4 is the T4 
index, which measures total T4 and thyroid- 
binding globulin (TBG) or resin uptake as an 
estimate of protein binding and then uses this to 
calculate FT4 Index. These measurements are 
quite accurate, but cannot be performed on an 
automated platform and are not available in most 
laboratories. The index measurements based on 
only TBG do not account for the changes in albu-
min and transthyretin, as can be seen in CKD, 
which may make this a less reliable tool [4, 20]. 
Additionally, there is some data to suggest that 
FT4 Index, as determined by indices, may be 
lower in uremic patients with CKD due to inter-
fering substances [8].

In one-step labeled hormone assays, a propri-
etary labeled hormone analog (manufacturers use 
different labels) competes with thyroid hormone 
(T4 or T3) for a solid-phase antihormone anti-
body. These assays are intended to minimize 
interaction with thyroid hormone-binding pro-
teins, but may differ in altered protein states such 
as CKD and ESRD due to difficulties with ensur-
ing that the analog hormone is “inert” with 
respect to binding proteins [4, 21]. Two-step 
immunoassays, which measure hormone in 
serum by FT4 binding to an immobilized labeled 
immunoglobulin, which is then washed with the 
serum to remove proteins, may also be altered in 
CKD [15]. Analog methods are albumin depen-
dent; if more tracers are available in the sample 
because of low albumin, as is seen in CKD, this 
will lead to lower apparent FT4 values [22]. The 
gold standard for measuring FT4 to remove anti-
body or protein interference is equilibrium dialy-
sis [14, 21]. However, the equilibrium dialysis 
method typically takes longer to result than 
immunoassays, and are more expensive and are 
generally available only in a reference 
laboratory.

 Thyroxine (T4) Changes with CKD

Low FT4 levels were observed in a wide range, 
4.5–9%, of patients with ESRD in one study 
examining nine different FT4 immunoassays 
[23]. Due to changes in thyroid-binding globu-
lin (TBG) and other changes which may falsely 
lower FT4 estimates using immunoassays, 
measuring FT4 by ultrafiltration or direct equi-
librium dialysis with liquid chromatography-
tandem mass spectrometry may be more reliable 
in patients with CKD [15]. Using equilibrium 
dialysis methods, FT4 levels were normal in 
87–97% of patients with ESRD [6]. Similarly, a 
study examining ESRD patients’ sera pre-dial-
ysis using both equilibrium dialysis and an 
immunoassay found that measured FT4 was 
similar to normal controls when using equilib-
rium dialysis, whereas FT4 was significantly 
lower in 6 of the 27 patients’ samples using the 
immunoassay [24].

Other factors may also influence T4 levels in 
CKD and ESRD patients. CKD and ESRD 
patients often have chronic metabolic acidosis, 
which has been shown to reduce levels of serum 
FT4 and FT3 and increase TSH [1, 25]. In one 
study, eliminating the metabolic acidosis cor-
rected the low free T3 [25].

Albuminuria in CKD has also been positively 
correlated to T4 levels: In a study of 1689 
patients with no history of thyroid dysfunction, 
after adjusting for multiple factors including 
age, sex, serum albumin, and smoking status, a 
higher albumin-to-creatinine ratio was associ-
ated with both higher FT4 and total T4 levels 
(p  =  0.013) in patients with either CKD and 
ESRD [19].

Retained organic acids and lipids may also 
alter measurements of FT4. Retained organic 
acids and non-esterified fatty acids (NEFA) can 
displace tracer from albumin [2]. In a study of 
35 uremic patients, FT4 was measured by an 
analog radioimmunoassay and labeled antibody 
immunoassay both before and after the hemodi-
alysis session [22]. Independent of the assay 
used, free thyroid hormone levels (both FT3 
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and FT4) were lower than in healthy subjects. 
FT3 and FT4 levels both increased after hemo-
dialysis. The most significant increases were 
observed with the analog RIA method. In the 
same study, 22 samples from 11 of the patients 
were used to compare FT4 measurements of 
equilibrium dialysis to the analog RIA and 
labeled antibody assay. Using the equilibrium 
dialysis method, FT4 concentrations were 
higher than with the other assays [22]. Similarly, 
in a study of 27 chronic dialysis patients, sera 
were exposed to non-esterified fatty acids 
(NEFA) in  vitro and then FT4 measured by 
both equilibrium dialysis and an immunoassay. 
FT4 measured after hemodialysis was signifi-
cantly higher when measured by equilibrium 
dialysis and with the immunoassay [24].

In CKD patients, assays measuring serum FT4 
may also be altered due to the presence of medi-
cations commonly used, such as furosemide and 
heparin, which are addressed later in the chapter 
[1, 25, 26].

 Triiodothyronine and Reverse 
Triiodothyronine in CKD

The most commonly observed thyroid function 
abnormality seen in CKD patients is low T3 [1]. 
Low T3 levels in CKD may be due to decreased 
peripheral deiodinase conversion of T4 to T3 
caused by chronic metabolic acidosis and protein 
malnutrition seen in CKD [6, 27]. Even though 
levels of T3 are low, ESRD patients with reduced 
serum FT3 are clinically euthyroid [6].

In a retrospective study of 279 patients with 
CKD and no history of hypothyroidism, 47% of 
patients had “low T3 syndrome,” defined as nor-
mal TSH and low total T3 (reference range 0.87–
1.7  ng/ml), using an electrochemiluminescence 
assay. The prevalence of low T3 syndrome 
appeared to increase with decreasing GFR; 22% 
of patients with CKD stage 2 had low T3, as com-
pared to 76% of patients with CKD stage 5 [28]. 
Similar results were noted in a larger study of 
2284 patients in which 11% of patients with 

CKD stage 2, and 79% of patients with CKD 
stage 5 were noted to have low T3 but normal 
TSH [1, 29]. In another cross-sectional analysis 
which compared 96 patients on hemodialysis to 
39 healthy volunteers, hemodialysis patients 
were noted to have lower FT3 and total T3 as 
compared to controls [30]. The low T3 levels 
seen in dialysis patients may be related to nutri-
tion, systemic acidosis, time on dialysis, and 
inflammation [28].

While reverse T3 (rT3) is elevated in many 
cases of NTI, rT3 levels have been shown to be 
normal in ESRD [6, 31]. The clinical signifi-
cance of this has yet to be defined. In a pro-
spective study of 167 patients with ESRD on 
hemodialysis, only 9.9% of the cohort had 
elevated rT3 levels. After 1 year of follow-up, 
48 patients (28.7%) had died. Although there 
was no significant difference in either T3 or 
rT3 levels from the rest of the cohort, patients 
who died at any time point during the follow-
up period were noted to have lower T3 levels 
and higher rT3 levels than those who survived, 
suggesting perhaps that these patients had 
more severe NTIs [32].

In conclusion, interpretation of thyroid func-
tion tests in patients with CKD and ESRD is 
complicated by a myriad of factors including 
reduced renal clearance of thyroid hormone, 
blunted responses of TSH to thyrotropin, assay 
interference due to the presence of altered bind-
ing proteins, and non-thyroidal illness. 
Laboratory evaluation should be undertaken 
knowing that the results may be difficult to inter-
pret and should be evaluated in the context of 
patients’ clinical presentations and symptoms. 
Although measuring serum FT4 by dialysis is 
considered to be the “gold standard,” it is often 
expensive, has a slow turnaround, and usually 
needs to be sent to a reference laboratory. The 
next best alternative may be the T4 and T3 indi-
ces, which may be falsely low in setting of low 
albumin or transthyretin states, but are more 
widely available. All of the available testing 
methods may have some inherent error in 
CKD. Thus, it may be best to use whichever test 
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is the most readily available and account for the  
fact that T4/T3 may be altered depending on the 
method used, while also considering the clinical 
context when interpreting results. Table  7.1 
shows changes in thyroid function tests with kid-
ney disease.

 Thyroid Autoantibody 
Measurements

There are three types of thyroid autoantibodies 
that are commonly used in clinical practice to 
diagnose autoimmune thyroid diseases. These 
include antibodies to thyroid-stimulating hor-
mone receptor, thyroglobulin (Tg, formerly 
colloid antigen), and thyroid peroxidase (TPO, 
formerly referred to as microsomal antigen). 
All of these thyroid autoantigens are involved 
in thyroid hormone synthesis. The TSH recep-
tor is a G protein-coupled receptor that gener-
ates cyclic adenosine monophosphate (cAMP) 
when TSH binds. This in turn stimulates the 
growth and function of the thyroid follicular 
cells. Tg is a glycoprotein produced by the thy-
roid follicular cells and is the substrate for thy-
roid hormone synthesis. Tyrosine residues on 
Tg are iodinated to form monoiodotyrosine 
(MIT) and diiodotyrosine (DIT). The coupling 
of two DIT moieties forms T4, while the cou-
pling of one DIT and one MIT forms T3. TPO is 
the enzyme that catalyzes the oxidation of 
iodine and its transfer onto tyrosine residues. 
TPO also catalyzes the coupling of DIT and 
MIT [33].

 Thyroid Peroxidase Antibodies 
and Thyroglobulin Antibodies

Autoimmune hypothyroidism includes 
Hashimoto’s thyroiditis  (goitrous form) and pri-
mary myxedema (atrophic, nongoitrous form). 
Thyroid peroxidase antibodies (TPO Ab) and Tg 
antibodies (Tg Ab) are found in the majority of 
patients with autoimmune hypothyroidism, with 
TPO Ab being more sensitive than Tg Ab. TPO Ab 
may play a direct role in immune destruction of 
the thyroid cell through antibody-dependent cell-
mediated cytotoxicity and complement fixation. 
TPO Ab is also present in about 80% of individu-
als with Graves’ disease. However, approximately 
10% of the population without apparent thyroid 
disease has elevated TPO Ab [2]. TPO Ab is mea-
sured via a sequential two- step immunoenzymatic 
(sandwich) assay. The majority of assays report in 
international units, using the standard preparation 
MRC 66/387 as a reference [2].

Patients with autoimmune hypothyroidism may 
have elevated titers of Tg Ab. However, low titers of 
Tg Ab are found in up to 27% of individuals without 
evidence of autoimmune thyroid disease, particu-
larly in the elderly or following viral infections [2]. 
Tg Ab assay is also a two- step immunoenzymatic 
(sandwich) assay. In general, it is difficult to stan-
dardize Tg Ab measurements between laboratories, 
due to the great variability of Tg preparations [2].

 TSH Receptor Antibody

Thyroid-stimulating hormone receptor antibod-
ies (TRAb) can be stimulating, blocking, or neu-
tral. Thyroid-stimulating immunoglobulins (TSI) 
are the key pathogenic mechanisms in Graves’ 
disease. They stimulate the thyroid gland to pro-
duce thyroid hormone. TSH receptor-blocking 
antibodies can be found in a minority of patients 
with autoimmune hypothyroidism and can cause 
hypothyroidism without long-term tissue destruc-
tion [2]. Specifically, TSH receptor-blocking 
antibodies were detected in 8 of 50 (16%) patients 
with autoimmune hypothyroidism [34].

Table 7.1 Changes in thyroid function tests with kidney 
disease

No CKD CKD ESRD
TSH Normal Normal or 

increased
Normal or 
increased

T4 Normal Normal to low Normal to 
low

T3 Normal Normal to low Normal to 
low

Reverse T3 Normal Normal Normal
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There are two types of assays used to detect 
TRAb, a binding assay and a bioassay. The binding 
assay is a competitive assay in which the presence 
of patient’s TRAb inhibits the binding of labeled 
monoclonal TRAb (third-generation assay) or 
labeled bovine TSH (second-generation assay) to 
TSH receptor. Thus, this assay is known as the 
TSH-binding inhibitor immunoglobulin (TBII) 
assay. While this assay cannot distinguish between 
TSH receptor stimulating and blocking antibodies, 
the clinical context guides the interpretation of 
positive TBII [35]. For example, the presence of 
TBII in a thyrotoxic patient indicates that the anti-
body is stimulating and that the patient has Graves’ 
disease. In hyperthyroid patients, the third-genera-
tion TBII assay has a sensitivity of 97% and speci-
ficity of 99% for Graves’ disease [36].

The TRAb bioassay, known as thyroid- 
stimulating immunoglobulin (TSI) assay, only 
detects stimulating TRAb. It detects cAMP that is 
produced when the patient’s TRAb binds to TSH 
receptor. It is highly sensitive and specific. While 
testing for TSI is available, it may not be neces-
sary in the evaluation of hyperthyroidism, due to 
the availability of other effective and less expen-
sive tests. It can be useful in rare cases such as 
Graves’ disease in pregnancy if maternal thyroid 
status cannot be assessed due to previous RAI 
ablation or thyroidectomy [2].

 Thyroid Autoantibody Measurements 
in Chronic Kidney Disease

There is scant literature regarding the effect of 
CKD on the interpretation of thyroid autoanti-
bodies. One study from 1991 found that the sera 
of seven hemodialysis patients had dialyzable 
“unknown substances” that interfered with the 
hemagglutination assay of TPO Ab and Tg Ab, 
creating false-positive results [37]. Since that 
time, hemagglutination assays have been replaced 
with immunoassays. Additional studies regarding 
the measurement of thyroid autoantibodies in 
CKD would be useful since patients with CKD 
have higher rates of thyroid disorders than the 

general population and the mechanism of this is 
poorly understood [9]. For example, patients with 
eGFR <30 mL/min/1.73m2 have a twofold greater 
risk of hypothyroidism than patients with eGFR 
≥90 mL/min/1.73m2 [9].

Current literature suggests that rates of both 
autoimmune and nonautoimmune primary hypo-
thyroidism are higher in CKD patients. One study 
of 915 outpatients (excluding those on dialysis 
and with overt hyper- or hypothyroidism) found 
that compared to patients with eGFR ≥90  mL/
min/1.73m2, patients with eGFR <60  mL/
min/1.73m2 had significantly higher rates of sub-
clinical hypothyroidism (26% vs 8%), elevated 
TPO Ab (28% vs 15%), and elevated Tg Ab (26% 
vs 10%), even after adjusting for age and sex 
[38]. In a smaller study comparing 32 diabetic 
and 31 nondiabetic patients with CKD not on 
HD, there were significantly higher rates of pri-
mary hypothyroidism (including subclinical and 
overt) in patients with diabetes than without dia-
betes (38% vs 10%). None of the 63 patients had 
elevated titers of TPO Ab or Tg Ab, suggesting a 
nonautoimmune mechanism. Furthermore, thy-
roid histology in six of the eight patients who had 
overt hypothyroidism showed no interstitial lym-
phocytic infiltration. As mentioned earlier, a  
proposed mechanism for nonautoimmune hypo-
thyroidism in CKD patients is impaired renal 
excretion of iodine leading to elevated serum 
iodine and the prolongation of the Wolff- Chaikoff 
effect. In summary, rates of both autoimmune 
and nonautoimmune thyroid disease are more 
common in patients with CKD than those with-
out. Further study is needed to better understand 
the underlying etiology of thyroid dysfunction in 
this patient cohort.

 Common Medications in Chronic 
Kidney Disease and Their Impact 
on Thyroid Function Tests

Thyroid function tests (TFTs) are among the 
most commonly ordered laboratory hormonal 
evaluation. While interpretation is usually 
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straightforward, medication and supplement 
usage may cause alterations in TFTs via a variety 
of mechanisms as well as impact thyroid medica-
tion absorption. We will explore some commonly 
used medications and supplements and their 
impact on TFT testing here.

 Displacement of Thyroid Hormone 
from Thyroid Hormone-Binding 
Proteins

Several drugs cause the displacement of thyroid 
hormone from thyroid hormone-binding proteins 
such as thyroid-binding globulin (TBG), albu-
min, and transthyretin. This results in transiently 
elevated FT4 and FT3, but if the thyroid axis is 
functioning normally, production should be pro-
portionately reduced, and the TSH remains in the 
normal range. Furosemide, heparin, nonsteroidal 
anti-inflammatory agents, and phenytoin have all 
been associated with this phenomenon.

 Furosemide
Furosemide, particularly intravenous doses of 
over 80 mg per day, is known to displace thyroid 
hormone from its binding sites, transiently ele-
vating free thyroid hormone levels. It is quickly 
cleared from the bloodstream, with 86–97% 
removed after 4 h. Once the drug is out of the 
bloodstream, its effect on thyroid hormone bind-
ing dissipates. The degree of dissociation of thy-
roid hormone from its binding sites can be 
exacerbated in vitro, depending on the assay [39].

 Heparin
Unfractionated heparin and low molecular weight 
heparin cause artifactual increases in free thyroid 
hormone via displacement of thyroid hormone 
from its binding proteins in vitro. Heparin acti-
vates endothelial lipoprotein lipase in vivo, which 
acts on triglycerides to release free fatty acids 
(FFA) in vitro. When high concentrations of FFA 
exceed their usual binding sites on albumin, they 
compete with thyroid hormone for TBG binding 
sites. The FFA-to-albumin molar ratio must 
exceed approximately five before a significant 
effect on the serum FT4 concentration occurs. 

This molar ratio is unlikely to be exceeded 
in vivo, but occurs in vitro, especially with assays 
that require long incubation periods [40]. This 
effect is more pronounced in hypertriglyceride-
mia and hypoalbuminemia. It has been observed 
with both intravenous and subcutaneous heparin 
and with a variety of assay platforms, including 
equilibrium dialysis, ultracentrifugation, and 
direct immunoassay. Therefore, for patients 
receiving heparin, measurements of total thyroid 
hormone levels are more accurate than free thy-
roid hormone levels. If serum FT4 and FT3 levels 
are needed, the sample should be obtained at 
least 10 h after the last injection of heparin and 
analyzed without delay [14].

 Nonsteroidal Anti-inflammatory Drugs
Select nonsteroidal anti-inflammatory drugs 
including aspirin and salicylates also inhibit the 
binding of T4 and T3 to TBG. This results in a 
transient increase in circulating free thyroid hor-
mone levels, which, in turn, causes temporary 
TSH suppression and reduced endogenous thy-
roid hormone secretion. In a study of 25 healthy 
patients, 1 week of aspirin (4 g per day) adminis-
tration caused total T4, total T3, and free T3 to 
decrease by approximately 30% from baseline. 
Similarly, after 1 week of salicylates (4  g per 
day), free and total thyroid hormone levels 
decreased by 40–50% from baseline. With both 
medications, TSH decreased by more than 30%, 
but remained within the normal range. The other 
NSAIDs studied  – ibuprofen, naproxen, and 
indomethacin – had no effect on thyroid hormone 
levels [41].

 Common Medications in Chronic 
Kidney Disease and Their Interaction 
with Levothyroxine

Oral levothyroxine (synthetic T4) is the most 
common form of thyroid hormone replacement 
used to treat hypothyroidism. It has a narrow 
therapeutic window. An acidic gastric pH is 
required to dissolve levothyroxine in order for it 
to be absorbed in the small intestine [42]. Many 
medications and supplements commonly used by 
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patients with CKD interfere with the absorption 
of levothyroxine [43].

 Phosphate Binders
Phosphate binders, used to treat hyperphosphate-
mia in ESRD, impair the absorption of levothy-
roxine. Both calcium-containing (e.g., calcium 
carbonate and calcium acetate) and noncalcium- 
containing phosphate binders (e.g., sevelamer 
and lanthanum) have this effect [44]. For exam-
ple, coadministration of levothyroxine and cal-
cium carbonate for 3 months led to an increase in 
mean serum TSH of 69%, with 20% of patients 
developing TSH levels above the normal range 
[45]. Thus, it is recommended to administer levo-
thyroxine at least 4 h apart from calcium- 
containing products and at least several hours 
apart from noncalcium-containing phosphate 
binders to avoid impact on absorption.

 Proton Pump Inhibitors
Proton pump inhibitors (PPIs) have been 
shown to increase TSH levels, necessitating 
 levothyroxine dose escalations when used con-
comitantly for several months [46, 47]. The 
mechanism is thought to involve impairment of 
levothyroxine dissolution in higher gastric pH 
environments. These findings were not supported 
by two short- term pharmacokinetic studies, 
which found no difference in thyroid hormone 
levels after a single large dose of levothyroxine 
whether it was administered before or after 1 
week of PPI therapy [48, 49]. A major limita-
tion of these pharmacokinetic studies is that thy-
roid hormone levels were measured only up to 
10 h after a single dose of levothyroxine, while 
thyroid hormone replacement therapy takes 
days to weeks to reach steady state. In practice, 
the impaired absorption of levothyroxine with 
concomitant use of PPI may be ameliorated by 
increasing the dose or switching to oral solution 
formulation [50].

 Ferrous Sulfate and Fiber Supplements
Ferrous sulfate may cause impaired absorption of 
levothyroxine likely via formation of insoluble 
ferric-thyroxine complexes. Simultaneous 
administration of levothyroxine and ferrous sul-

fate for 12 weeks resulted in increased TSH from 
baseline, but stable free and total T4 levels [51]. 
Similarly, fiber supplementation can interfere 
with levothyroxine absorption likely from non-
specific adsorption of T4 to dietary fibers [52]. 
These substances should be separated from levo-
thyroxine administration by at least 4 h.

 Simvastatin
Although evidence is sparse, three case reports 
described increased TSH levels after simvastatin 
was administered to patients on replacement 
levothyroxine. The proposed mechanism is 
excess CYP3A4 formation in the liver by simvas-
tatin resulting in accelerated levothyroxine catab-
olism [53, 54]. Thyroid function tests should be 
monitored after initiation of simvastatin, and 
dose increases may be necessary.

 Selective Serotonin Reuptake 
Inhibitors
Selective serotonin reuptake inhibitors (SSRIs), 
such as citalopram, escitalopram, fluoxetine, and 
sertraline, are commonly used medications in the 
treatment of depression and anxiety. Through 
unknown mechanisms, but likely accelerated 
levothyroxine metabolism, SSRIs may increase 
TSH levels when started by patients on levothy-
roxine replacement. Increases in the dose of levo-
thyroxine may be required [55].

 Tricyclic Antidepressants
Tricyclic antidepressants, such as amitriptyline, 
nortriptyline, and imipramine, are commonly 
used to treat diabetic peripheral neuropathy and 
other types of chronic pain. Coadministration of 
TCAs and levothyroxine may increase the thera-
peutic and toxic effects of both medications. 
The mechanism may involve increased receptor 
sensitivity to catecholamines. This may increase 
the risk of cardiac arrhythmias and central ner-
vous system stimulation. In addition, the onset 
of action of the TCA may be accelerated. 
Patients should be monitored clinically for tox-
icity. Dose adjustments of one or both of the 
drugs may be necessary [55]. Table 7.2 shows 
the impact of medications on thyroid hormone 
function tests.
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 Introduction

Thyroid dysfunction is a common yet under- 
recognized complication among chronic kid-
ney disease (CKD) patients, including those 
with end-stage renal disease (ESRD) receiv-
ing treatment with dialysis [1, 2]. While com-
paratively greater focus has been placed upon 
other endocrine derangements in kidney dis-
ease, such as diabetes and secondary hyper-
parathyroidism, population-based studies have 
shown that advanced CKD and ESRD patients 

have a higher prevalence of hypothyroidism 
compared to the general population [3–10]. 
Despite this disproportionate burden, hypo-
thyroidism may be frequently overlooked in 
dialysis patients, possibly due to overlap of its 
accompanying signs and symptoms with those 
of uremia (e.g., fatigue, depression, impaired 
cognition, impaired physical function), as well 
as attribution of thyroid function test changes 
to underlying illness rather than primary thy-
roid disease [1, 2].

In this chapter, we aim to review epidemio-
logic data on thyroid dysfunction in the CKD 
and ESRD populations, as well as recent studies 
examining the association of thyroid status and 
CKD-related outcomes, including incident CKD 
and CKD progression, mortality, and patient- 
centered outcomes such as health-related quality 
of life (HRQOL).

 Definitions and Epidemiology

Primary hypothyroidism is typically identified  
by biochemical tests, which include an elevated 
serum thyrotropin (TSH) level in conjunction 
with a low or normal thyroxine (T4) level indi-
cating overt (moderate-to-severe) or subclinical 
(mild) hypothyroidism, respectively [11]. Using 
these criteria, landmark data from the Third 
National Health and Nutrition Examination 
Survey (NHANES III) have shown that ~ten 
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million adults in the United States are affected 
by this condition [12], and various cohorts sug-
gest that 4–10% and 0.1–2% of the US popula-
tion have subclinical and overt hypothyroidism, 
respectively [11].

Epidemiologic studies have shown a sub-
stantially higher prevalence of hypothyroid-
ism in CKD. For example, in a study of 14,623 
NHANES III participants stratified by kidney 
function, an increasingly higher prevalence 
of hypothyroidism was observed with incre-
mentally impaired eGFR, such that those with 
moderate- to- advanced kidney dysfunction had a 
nearly five-fold higher prevalence compared to 
those with normal kidney function: 5, 11, 20, 23, 
and 23% among those who had estimated glo-
merular filtration rates (eGFRs) of ≥90, 60–89, 
45–59, 30–44, and <30  ml/min/1.73m2, respec-
tively [4]. After accounting for differences in 
sociodemographic characteristics (i.e., age, sex, 
race/ethnicity), participants in the lower eGFR 
categories persisted in having a two-fold higher 
risk of hypothyroidism compared to those with 
normal eGFR, with approximately half of cases 
due to subclinical disease. In a large population-
based study of 461,607 US Veterans with stage 
3–5 CKD, it was also shown that each 10 ml/
min/1.73m2 decrement in eGFR was associated 
with an 18% higher risk of hypothyroidism inde-

pendent of patients’ case-mix characteristics [6]. 
Studies of thyroid status in the ESRD population 
have been conducted in comparatively smaller-
sized cohorts, yet have shown a similarly high 
prevalence of hypothyroidism ranging from ~13 
to 23% of hemodialysis and peritoneal dialysis 
patients [3, 5, 7–9, 13].

 Potential Links Between Thyroid 
and Kidney Disease

While the mechanistic link between thyroid and 
kidney disease has not been fully elucidated, 
basic and clinical studies suggest that the rela-
tionship may be bi-directional (Fig. 8.1) [1, 2].

 Thyroid Dysfunction as a Risk Factor 
for Kidney Disease

In animal models, hypothyroidism has been 
shown to adversely impact kidney size and 
structure in both development and adulthood. 
In neonatal rats, low serum thyroxine results 
in (1) reduced kidney-to-body weight ratio [14, 
15], (2) truncated tubular mass [14, 16, 17], and 
(3) glomerular basement membrane (GBM) 
changes that include reduced volume and area, 
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GBM thickening, mesangial matrix expansion, 
and increased glomerular capillary permeability 
[18–20].

 Thyroid Dysfunction as a Risk Factor 
for Kidney Dysfunction

Hypothyroidism may be a risk factor for kidney 
dysfunction via several potential mechanisms, 
including (1) decreased cardiac output due to 
systolic and diastolic dysfunction, reduced inot-
ropy and chronotropy, and blood volume [21, 
22], (2) intrarenal vasoconstriction resulting 
from decreased vasodilator synthesis and activity 
[22, 23], and (3) altered chloride channel expres-
sion leading to increased distal tubular chloride 
delivery and tubuloglomerular feedback [24]. 
In animal studies, hypothyroidism has resulted 
in decreased single nephron GFR, renal plasma 
flow, and glomerular transcapillary hydrostatic 
pressure [25, 26]. Human case series have also 
shown that hypothyroidism results in reversible 
serum creatinine elevations, as well as reduced 
renal plasma flow and eGFR as measured by 
creatinine- based estimating equations and gold- 
standard isotopic scans [22, 23, 27–29].

Many large population-based studies have 
corroborated a cross-sectional link between 
hypothyroidism and kidney dysfunction [4, 6, 
30–35]. However, there have been few longitudi-
nal studies of thyroid status and kidney function, 
and those reported have shown mixed findings. 
In a study of 104,633 participants in the Kangbuk 
Samsung Health Study with normal baseline kid-
ney function who underwent annual to biennial 
TSH measurements, it was shown that those in 
the highest TSH quintile (2.85–5.00 mIU/L) had 
a 26% higher risk of developing incident CKD 
(defined as an eGFR <60 ml/min/1.73m2) com-
pared to those in the lowest TSH quintile (0.25–
1.18 mIU/L) [36]. When TSH was examined as a 
continuous variable using restricted cubic spline 
analyses, a higher TSH was associated with a 
progressively higher risk of developing CKD up 
to a TSH threshold of ~3.0 mIU/L above which 
risk plateaued. However, in an investigation of 
558 “oldest-old” (85-year-old) participants from 

the Leiden 85-Plus Study, while cross-sectional 
analyses showed that participants with overt 
and subclinical hypothyroidism had lower mean 
eGFRs, an association between baseline thyroid 
status and change in kidney function over time 
was not observed [33]. Yet in a longitudinal anal-
ysis of 309 participants with stage 2–4 CKD and 
subclinical hypothyroidism among whom 58% 
vs. 42% did vs. did not receive exogenous thy-
roid hormone supplementation at baseline, after 
a mean follow-up of 3 years, those who were 
treated had a slower decline in kidney function 
over time vs. those who were untreated (eGFR 
decline of −2 vs. −6  ml/min/1.73m2 per year, 
respectively) [37]. Those in the treated group 
were also less likely to experience a 50% decline 
in eGFR or incident ESRD: HRs (95% CIs) 0.64 
(0.19–00.67) and 0.85 (0.03–0.71), respectively.

 Kidney Disease as a Risk Factor 
for Thyroid Dysfunction

It has also been suggested that CKD and its 
associated complications may lead to thyroid 
dysfunction, although further study elucidat-
ing these pathways is needed (Fig.  8.1). For 
example, alterations in measurements of serum 
TSH, triiodothyronine (T3), and T4 have been 
observed in metabolic acidosis, with some of the 
changes reversed by oral sodium citrate therapy 
[38]. Trace element deficiencies (e.g., selenium, 
zinc) are frequently observed in hemodialysis 
patients, and in the general population, selenium 
deficiency is thought to be a trigger for autoim-
mune thyroid disease. In addition, selenium is 
required for thyroid hormone metabolism [39, 
40]. With respect to other dietary factors, case 
series have shown the excess dietary iodine con-
sumption may also lead to thyroid dysfunction 
in dialysis patients, presumably due to impaired 
renal clearance and retention of iodine lead-
ing to hypothyroidism via the Wolff-Chaikoff 
effect [41, 42]. Furthermore, hemodialysis and 
peritoneal dialysis patients may frequently be 
exposed to iodine-containing agents such as 
iodine contrast media (i.e., in the form of con-
trast-enhanced CT scans, cardiac catheteriza-
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tions, peripheral angiograms, fistulograms) or 
povidone-iodine cleansing agents that may result 
in iodine-induced hypothyroidism or thyrotoxico-
sis (via the Jod-Basedow  phenomenon) [43–46]. 
Medications commonly administered to CKD and 
ESRD patients due to coexisting comorbidities 
(i.e., amiodarone for atrial fibrillation) may also 
contribute to thyroid dysfunction. Given that the 
vast majority of thyroid hormone is protein-bound 
[47], heavy protein losses in nephrotic syndrome 
and via the peritoneal effluent may lead to total 
body thyroid hormone depletion [48, 49]. Finally, 
non-thyroidal illness and malnutrition may con-
tribute to some of the thyroid functional test abnor-
malities (i.e., low T3 levels) observed in advanced 
CKD and ESRD patients [50].

 Thyroid Dysfunction and Outcomes

 General Population: Cardiovascular 
Disease and Mortality

In the general population, hypothyroidism has 
been associated with a number of adverse car-
diovascular outcomes, which include (1) systolic 
and diastolic dysfunction [21]; (2) endothe-
lial dysfunction and diastolic hypertension [24, 
51–53], which in conjunction with (3) dyslipid-
emia [51] may lead to (4) accelerated atheroscle-
rosis [21, 54]; and (5) alterations in cardiac ion 
channel expression [21], which may potentially 
lead to prolongation of the electrophysiologic 
QT intervals and heightened risk of malignant 
arrhythmias. Emerging data suggest that thyroid 
hormone deficiency may lead to cardiovascular 
risk factors that may be particularly relevant to 
CKD and ESRD patients, such as (6) downregula-
tion of matrix Gla protein and Klotho (i.e., vascu-
lar calcification inhibitors) thereby predisposing 
to vascular calcification [55–57]; (7) reduced 
erythropoietin production, iron and B12 defi-
ciency, and blood loss from impaired hemostasis 
leading to anemia and erythropoietin- stimulating 
agent resistance [58–62]; and (8) increased plate-
let size and activation [63–66].

General population studies examining hard 
outcomes (i.e., cardiovascular events, mortal-

ity) have largely focused upon subclinical hypo-
thyroidism, which have shown mixed findings. 
However, in a meta-analysis of 55,287 partici-
pants across 11 prospective cohorts from the 
United States, Europe, South America, Asia, 
and Australia conducted by the Thyroid Studies 
Collaboration, patients with subclinical hypo-
thyroidism with TSH levels >10  mIU/L and 
>7 mIU/L had a higher risk of coronary heart dis-
ease (CHD) events and CHD death, respectively 
[67]. In a subsequent pooled analysis of 25,390 
participants across six prospective cohorts in the 
United States and Europe, those with subclinical 
hypothyroidism and a TSH level >10 mIU/L as 
well as those with subclinical hyperthyroidism 
with a TSH level <0.1 mIU/L each had a higher 
risk of congestive heart failure events [68].

It has also been suggested that the impact of 
hypothyroidism upon cardiovascular disease and 
mortality may depend upon one’s underlying 
risk, as there has been a tendency toward positive 
associations in studies of populations with high 
cardiovascular risk but not in lower-risk groups 
[1, 2]. Indeed, in a study of 14,879 NHANES III 
participants, it was shown that both hypothyroid-
ism overall and subclinical hypothyroidism were 
each independently associated with higher mor-
tality risk in those with heart failure, whereas sig-
nificant associations were not observed in those 
without heart failure [69]. Similarly, in a study 
of 52,856 patients from a large university-based 
tertiary care center, hypothyroidism was associ-
ated with higher risk of hospitalization in those 
with congestive heart failure but not in those 
without heart failure [70]. These findings may 
have particular relevance among advanced CKD 
and ESRD patients given their high prevalence of 
structural heart disease [71].

 Kidney Disease Population: 
Cardiovascular Disease and Mortality

Early investigations of hypothyroidism in kidney 
disease proposed that thyroid hormone deficiency 
may be a physiologic adaptation and/or a means 
to reduce metabolism in kidney disease patients 
who are prone to hypercatabolism, malnutrition, 
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and dialytic protein and amino acid losses [72]. 
However, more recent data have suggested that 
thyroid hormone deficiency may be a novel risk 
factor for the high burden of cardiovascular dis-
ease and mortality (i.e., ~40% of deaths [71]) 
observed in the advanced CKD and ESRD popu-
lation which are not wholly explained by tradi-
tional risk factors.

 Thyroid Status Defined by Serum 
Triiodothyronine and Thyroxine Levels
There has been an increasing body of evidence 
suggesting that low T3 and T4 levels are associ-
ated with adverse cardiovascular outcomes in 
CKD and ESRD patients, such as decreased sys-
tolic function, endothelial dysfunction, atheroscle-
rosis, vascular calcification, and altered ventricular 
conduction (Table 8.1) [56, 73–77]. A number of 
CKD and ESRD studies have also shown that 
low T3 and T4 levels are associated with higher 
mortality risk (Table  8.1) [56, 78–87]. In one 
study of 210 hemodialysis patients who under-
went repeated examination of T3 and T4 levels 
at baseline and 3 months follow-up, it was found 
that those with persistently low T3 and T4 levels 
(defined as <66th percentile) had a three- to four-
fold higher all-cause and cardiovascular death risk 
compared to those with persistently high levels in 
analyses adjusted for sociodemographic charac-
teristics, comorbidities, and proxies of nutritional 
and inflammatory status [85].

However, there are limitations with respect 
to using T3 and T4 levels to ascertain thyroid 
status in studies of CKD and ESRD patients. 
Approximately 80% of T3 is derived from the 
peripheral deiodination of T4 to T3, and this pro-
cess is highly sensitive to non-thyroidal illness, 
malnutrition, inflammation, elevated cortisol lev-
els, and a number of medications that are com-
monly used in these populations [1, 2, 50, 88, 89]. 
In addition, given that the vast majority of T4 is 
protein-bound, routinely used free T4 assays that 
indirectly measure the minute fraction of bio-
available-free T4 are hormone-protein- binding 
dependent and may lead to spurious results in the 
presence of uremic toxins, non-thyroidal illness, 
and certain medications (e.g., heparin, furose-
mide) [47]. In contrast, serum TSH is considered 

to be the most sensitive and specific single bio-
chemical metric of thyroid function, owing to its 
negative logarithmic association with T3 and T4 
levels (i.e., small changes in T3 and T4 result in 
exponential changes in TSH) [11]. Although some 
TSH alterations have been described in kidney 
disease (e.g., altered clearance, blunted response 
to thyrotropin-releasing hormone, decreased pul-
satility, increased half- life, impaired glycosyl-
ation and function [90, 91]), it is still considered 
a more accurate measure of thyroid status vs. T3/
T4 in non-thyroidal illness.

 Thyroid Status Defined by Serum 
Thyrotropin Levels
Given its robust characteristics, serum TSH has 
been increasingly used to define thyroid status in 
studies examining hypo- and hyperthyroidism and 
outcomes in the ESRD population (Table 8.2). In 
one of the first studies conducted to date, among 
2715 dialysis patients who underwent one or more 
serum TSH measurements within two tertiary 
care centers in Boston, ~13% had hypothyroidism 
at baseline [5]. Compared to patients who were 
euthyroid, hypothyroid patients had a 35% higher 
risk of mortality independent of sociodemograph-
ics and comorbidity burden (e.g., diabetes status 
and non-cardiovascular hospitalization within the 
past year). Yet in a subsequent study of 1000 dia-
betic hemodialysis patients from the Die Deutsche 
Diabetes Dialyse (4D Trial), baseline subclinical 
hypothyroidism examined separately or in conjunc-
tion with overt hypothyroidism was not associated 
with sudden cardiac death, cardiovascular events, 
or all-cause death [93]. However, it bears men-
tion that only 1.8% (N = 18) of the study popula-
tion had hypothyroidism which may have resulted 
in underpowered analyses. Notably, subclinical 
hyperthyroidism was associated with a higher risk 
of short-term (i.e., 1 year) sudden cardiac death.

As interpretation of the aforementioned stud-
ies may be limited by their focus on thyroid 
status measured at a single-point-in-time (i.e., 
baseline thyroid status only), a series of studies 
have sought to define hypo- and hyperthyroidism 
using repeated measures of serum TSH over time. 
First, in a study of 8840 incident  hemodialysis 
patients from a large US dialysis organization, 
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Table 8.1 Studies of thyroid status defined by serum triiodothyronine (T3) and thyroxine (T4) levels and outcomes in 
the non-dialysis-dependent chronic kidney disease (NDD-CKD) and end-stage renal disease (ESRD) populations

Study (year) Study population (N)
Thyroid 
test Outcome

Cardiovascular outcomes
Jaroszynski et al. 
(2005) [73]

Hemodialysis patients (52) ↓ FT3 Delayed ventricular depolarization

Zoccali et al. (2006) 
[74]

Hemodialysis and peritoneal 
dialysis patients (234)

↓ FT3 ↓ Left ventricular systolic function
↑ Left ventricular mass
Estimates attenuated to the null after 
adjusting for inflammatory and nutritional 
markers

Tatar et al. (2011) 
[75]

Peritoneal dialysis patients (57) ↓ FT3 ↑ Arterial stiffness

Tatar et al. (2011) 
[76]

Hemodialysis patients (137) ↓ FT3 ↑ Carotid artery atherosclerosis and arterial 
stiffness among nondiabetic patients only

Yilmaz et al. (2011) 
[77]

Nondiabetic stage 3 to 4 
NDD-CKD patients

↓ FT3 ↓ Flow-mediated vasodilation

Meuwese et al. 
(2013) [56]

Peritoneal dialysis patients (84) ↓ FT3 ↑ Vascular calcification

Meuwese et al. 
(2015) [57]

ESRD patients eligible for 
living donor transplantation (94)

↓ FT3 
and FT4

↓ FT3 associated with ↑ coronary 
calcification and arterial stiffness
↓ FT4 associated with ↑ coronary 
calcification only

Mortality
Zoccali et al. (2006) 
[78]

Hemodialysis patients (200) ↓ FT3 ↑ All-cause mortality

Enia et al. (2007) 
[79]

Peritoneal dialysis patients (41) ↓ FT3 ↑ All-cause mortality

Carrero et al. (2007) 
[80]

Dialysis patients (187) ↓ TT3 
and ↓ 
FT3

↓ TT3 associated with ↑ all-cause and 
cardiovascular mortality
No association between ↓ FT3 with 
mortality

Fernandez-Reyes 
et al. (2010) [81]

Hemodialysis patients (89) ↓ FT3 No association with all-cause mortality

Ozen et al. (2011) 
[82]

Hemodialysis patients (669) ↓ FT3 ↑ All-cause mortality
Estimates attenuated to the null after 
adjusting for inflammatory and nutritional 
markers

Horacek et al. 
(2012) [83]

Hemodialysis patients (167) ↓ TT3 ↑ All-cause mortality

Lin et al. (2012) 
[84]

Peritoneal dialysis patients (46) ↓ TT3 
and ↓ 
TT4

↓ TT3 and ↓ TT4 each associated with ↑ 
all-cause mortality

Meuwese et al. 
(2012) [85]

Hemodialysis patients (210) ↓ TT3 
and ↓ 
TT4

Baseline and persistently ↓ TT3 and ↓ TT4 
each associated with ↑ all-cause mortality

Yang et al. (2012) 
[86]

Proteinuric NDD-CKD patients 
(211)

↓ T3 ↑ All-cause and cardiovascular mortality

Meuwese et al. 
(2013) [56]

Peritoneal dialysis patients (84) ↓ FT3 ↑ All-cause mortality

Chang et al. (2015) 
[87]

Peritoneal dialysis patients 
(447)

↓ FT3 ↑ All-cause, combined cardiovascular, and 
sudden cardiac death

Abbreviations: FT3 free triiodothyronine, TT3 total triiodothyronine, TT4 total thyroxine, NDD-CKD non-dialysis 
dependent chronic kidney disease
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the association of thyroid status with mortality 
was examined using baseline and time- dependent 
TSH levels (i.e., repeated measures of TSH) to 
approximate long-term and short-term expo-
sure—mortality associations, respectively [7]. 
In baseline and time-dependent analyses, it was 
found that hypothyroidism was associated with a 
47% and 62% higher mortality risk, respectively, 
independent of case-mix covariates. Upon exam-
ining finer gradations of TSH, higher TSH levels 
even in the normal range (TSH >3 mIU/L) were 

associated with a 37% and 42% higher mortal-
ity risk in baseline and time- dependent analyses, 
respectively. Similarly, among a cohort of 1484 
national peritoneal dialysis patients from a large 
dialysis organization, time-dependent analyses 
adjusted for case-mix covariates showed that both 
hypo- and hyperthyroidism were each associated 
with higher death risk [8]. As the indications for 
thyroid functional testing in these clinical data-
sets are not known, an ongoing study of pro-
spective hemodialysis patients (Hypothyroidism, 

Table 8.2 Studies of thyroid status defined by serum thyrotropin (TSH) levels and outcomes in the chronic kidney 
disease (CKD) and end-stage renal disease (ESRD) populations

Study (year) Study population (N) Thyroid test Outcome
Cardiovascular outcomes
Kang et al. 
(2008) [92]

Peritoneal dialysis 
patients (51)

↑ TSH and subclinical 
hypothyroidism (defined as ↑ 
TSH + normal FT4)

↑ TSH and subclinical hypothyroidism 
each associated with decreased left 
ventricular function

Meuwese 
et al. (2015) 
[57]

ESRD patients eligible 
for living donor 
transplantation (94)

↓ TSH ↓ TSH associated with ↑ coronary 
calcification

Rhee et al. 
(2018) [55]

Hemodialysis patients 
(104)

↑ TSH ↑ Coronary artery calcification

Mortality
Rhee et al. 
(2013) [5]

Peritoneal dialysis and 
hemodialysis patients 
(2715)

↑ TSH ↑ All-cause mortality

Dreschler 
et al. (2014) 
[93]

Diabetic hemodialysis 
patients (1000)

Subclinical hypothyroidism 
(defined as ↑ TSH + normal 
FT4)
Subclinical hyperthyroidism 
(defined as ↓ TSH + normal 
FT4)

Subclinical hypothyroidism not 
associated with all-cause mortality, 
cardiovascular events, or sudden 
cardiac death
Subclinical hyperthyroidism associated 
with short-term (1 year) sudden 
cardiac death

Rhee et al. 
(2015) [7]

Hemodialysis patients 
(8840)

↑ TSH ↑ All-cause mortality

Rhee et al. 
(2015) [8]

Peritoneal dialysis 
patients (1484)

↑ TSH and ↓ TSH ↑ All-cause mortality

Rhee et al. 
(2017) [9]

Prospective hemodialysis 
patient cohort (541)

↑ TSH ↑ All-cause mortality

Rhee et al. 
(2018) [94]

Stage 3 NDD-CKD 
patients (227,426)

↑ TSH and ↓ TSH ↑ All-cause mortality

Rhee et al. 
(2018) [95]

Advanced NDD-CKD 
patients transitioning to 
ESRD (15,335)

↑ TSH ↑ All-cause mortality

Patient-centered outcomes
Rhee et al. 
(2017) [96]

Prospective hemodialysis 
patient cohort (450)

↑ TSH ↓ HRQOL subscale scores:
  Role limitations due to physical 

health
  Physical function
  Energy/fatigue
  Pain

Abbreviations: TSH thyrotropin, FT4 free thyroxine, HRQOL health-related quality of life, ESRD end-stage renal dis-
ease, NDD-CKD non-dialysis dependent chronic kidney disease

8 Thyroid Status and Outcomes in Kidney Disease



104

Cardiovascular Disease, and Survival in Kidney 
Disease [HyCARDS] Study) has sought to define 
thyroid status using protocolized TSH measure-
ments every 6 months [9]. In an interim analy-
sis of 514 HyCARDS participants recruited 
across 17 outpatient dialysis units in Southern 
California, it was found that 11% had hypothy-
roidism at baseline. In time-dependent analyses, 
it was found that hemodialysis patients with TSH 
levels in the highest tertile (TSH >2.11 mIU/L) 
had a 2.5-fold higher death risk independent of 
case-mix characteristics (reference: lowest TSH 
tertile).

Recent data in the non-dialysis-dependent 
CKD (NDD-CKD) population have shown a 
similar pattern of findings (Table  8.2). In the 
largest study of thyroid status and mortality 
conducted to date, among 227,426 US Veterans 
with stage 3 CKD, baseline and time-dependent 
analyses showed that both hypo- and hyperthy-
roidism were independently associated with 
higher mortality risk [94]. Upon examining thy-
roid status using finer gradations of TSH, it was 
again found that higher TSH levels even in the 
normal range (TSH >3.0  mIU/L) were associ-
ated with higher death risk. Most recently, an 
analysis of the relationship between pre-ESRD 
thyroid status with post-ESRD outcomes was 
conducted to determine the long-term “legacy 
effect” of thyroid status [95]. Among 15,335 US 
Veterans with advanced NDD-CKD transitioning 
to ESRD, it was similarly found that higher pre-
ESRD hypothyroid- range TSH levels (i.e., TSH 
>5.0  mIU/L) were associated with higher post- 
ESRD mortality risk.

 Kidney Disease Population: Health- 
Related Quality of Life

 Thyroid Status Defined by Serum 
Triiodothyronine and Thyroxine Levels
In the general population, thyroid dysfunction 
has been linked with reduced HRQOL [97]. 
Given that dialysis patients suffer from higher 
rates of impaired physical and mental health [98], 
there has been particular interest in thyroid dys-
function as a modifiable risk factor for adverse 

patient-centered outcomes (e.g., impaired 
HRQOL, decreased physical function). Indeed, 
in a recent prospective study of 450 patients 
from the HyCARDS cohort who underwent pro-
tocolized serum TSH measurements and Short 
Form 36 surveys every 6 months, when exam-
ined as a continuous variable it was found that 
higher baseline TSH levels were associated with 
lower HRQOL scores for the subscales of role 
limitations due to physical health, energy/fatigue, 
and pain [96]. Similarly, higher time-dependent 
TSH levels were associated with lower scores 
for role limitations due to physical health. When 
examined as a categorical variable, the highest 
baseline and time-dependent TSH tertiles were 
associated with lower HRQOL subscale scores 
for energy/fatigue and physical function, respec-
tively. Further studies are needed to determine if 
thyroid-modulating therapy improves HRQOL 
and physical function among hemodialysis 
patients with thyroid dysfunction.

 Treatment

Studying the impact of thyroid hormone replace-
ment therapy may shed greater light into the 
causal implications of thyroid dysfunction in 
the CKD and ESRD populations. In fact, the US 
Renal Data System data show that levothyroxine 
is among the most commonly prescribed medica-
tions in NDD-CKD and ESRD patients who are 
Medicare Part D enrollees [99].

 General Population

In the general population, small clinical trials 
have shown that exogenous thyroid hormone 
replacement improves adverse cardiovascular 
outcomes, including diastolic dysfunction, dys-
lipidemia, endothelial dysfunction, and athero-
sclerosis [100–103]. Large population-based 
studies examining the impact of treatment are 
comparatively sparse. However, in one study 
of 4735 patients with subclinical hypothyroid-
ism identified from the UK General Practitioner 
Research Database, it was found that treatment 
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with levothyroxine was associated with fewer 
ischemic heart disease events in younger individ-
uals (i.e., 40–70 years of age; N = 3093), while 
this was not observed in older individuals (i.e., 
greater than 70 years of age; N = 1642) [104].

 Kidney Disease Population

Studies examining the impact of exogenous 
thyroid hormone replacement among hypothy-
roid CKD and ESRD patients are also limited. 
However, in one study of 2715 dialysis patients in 
whom thyroid function and treatment status were 
ascertained at baseline, it was found that those 
who were euthyroid on medication (i.e., presumed 
to be hypothyroid treated-to-target) had similar 
mortality risk as those who were spontaneously 
euthyroid, whereas those who were hypothyroid 
irrespective of treatment status had higher mortal-
ity risk [5]. Similarly, in an analysis of 227,426 
US Veterans with stage 3 NDD-CKD, compared 
to those who were spontaneously euthyroid, 
those who had untreated or undertreated hypo-
thyroidism as well as untreated hyperthyroidism 
had higher mortality risk, whereas those who 
were hypothyroid treated-to- target had similar to 
slightly decreased mortality risk [94].

While these limited data highlight the ben-
efits of treatment, levothyroxine is a medication 
with a narrow toxic-to-therapeutic window and 
may carry potential risk of (1) increased protein 
catabolism, (2) adverse cardiovascular events 
(e.g., atrial fibrillation, high output heart fail-
ure) among those with underlying cardiovascu-
lar disease, and (3) bone loss in postmenopausal 
women [1, 2, 105]. Hence, rigorous studies 
including clinical trials are needed to definitively 
determine the efficacy and safety of exogenous 
thyroid hormone replacement in the CKD and 
ESRD populations.

 Future Directions and Conclusion

In summary, CKD and ESRD patients have a 
disproportionately higher prevalence of hypo-
thyroidism, although many cases may remain 

latent and undiagnosed. While basic, clinical, 
and translational studies suggest a bi-directional 
association between thyroid and kidney disease, 
further studies are needed to determine the mech-
anistic links between these entities. A growing 
body of evidence suggests that hypo- and hyper-
thyroidism are associated with higher risk of 
mortality, as well as cardiovascular events and 
adverse patient-centered outcomes in the general 
and kidney disease populations. However, to bet-
ter understand the causal implications of thyroid 
dysfunction in kidney disease, rigorous studies 
including randomized controlled trials are needed 
to determine the impact of exogenous thyroid 
hormone replacement, as well as optimal treat-
ment targets, upon these CKD-related outcomes.
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 Introduction

The kidney is an important endocrine organ; it 
regulates endocrine functions and also serves as a 
target of hormonal action. Chronic kidney disease 
(CKD), which encompasses a wide variety of clin-
ical syndromes and disorders, is associated with 
abnormalities in the secretion, transport, metabo-
lism, protein binding, elimination, and target tis-
sue response of multiple, different hormones, 
leading to alterations in feedback loops and poor 
patient outcomes [1]. Testicular dysfunction is 
common in men with CKD, especially in those 
with end-stage renal disease (ESRD) who are on 
maintenance hemodialysis. The cause of testicular 
dysfunction in ESRD is often multifactorial [1–3]. 
Hypogonadism, in general, is manifested clini-
cally by decreased libido, erectile dysfunction, 
low mood, fatigue, loss of muscle mass, decreased 
bone mineral density, and secondary sex charac-
teristics. Some signs and symptoms of testoster-
one deficiency, such as fatigue and low mood, are 
non-specific and difficult to distinguish from those 
resulting from chronic disease or aging. Diagnosis 

of testosterone dysfunction is based on confirma-
tion of signs and symptoms of testosterone defi-
ciency along with clearly low levels of circulating 
testosterone on at least two occasions, using a 
reliable assay [4]. This chapter will provide an 
overview of the pathogenesis and treatment of tes-
ticular dysfunction in men with CKD.

 Epidemiology

The estimates of the prevalence of hypogonadism 
in the general population have varied due to the 
heterogeneity of study populations, the clinical 
definition of hypogonadism used, and the assay 
employed to measure circulating testosterone 
concentrations [5–9]. Recent studies using the 
liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) assay for the measurement of 
total testosterone concentrations in early morn-
ing samples have reported a 10–14% prevalence 
in healthy, community-dwelling men who are 
65  years of age and older [5–9]. However, tes-
ticular dysfunction is more common in men 
with CKD than in the general population [10]. 
Changes in androgen synthesis tend to occur in 
early stages of renal failure [1, 11–13], and by 
the time men have progressed to ESRD requir-
ing dialysis, approximately two-thirds will have 
testosterone levels in the hypogonadal range 
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[1, 3, 13–19]. In one study of 260 men with 
ESRD, low total testosterone levels (defined as 
total testosterone <10  nmol/L) were present in 
44% of the group [14]. Both total and free tes-
tosterone levels fall in parallel with the decline 
of estimated glomerular filtration rate (eGFR) 
[19]. In a cross-sectional analysis of 1470 men 
in the United States, there was no independent 
association between total testosterone and CKD, 
suggesting that low total testosterone may be a 
surrogate marker of disease severity and overall 
health rather than a causal risk factor [20].

 Pathophysiology of Testicular 
Dysfunction in CKD

Hypogonadism in CKD results from alterations 
in the hypothalamic-pituitary-gonadal (HPG) 
axis at multiple levels (Fig. 9.1) [3, 21]. Patients 
frequently have damage to the seminiferous 
tubules and Sertoli cells with semen analysis typ-
ically showing a decreased volume of ejaculate, 

oligo- or azoospermia, and a low motility even at 
modest reductions of the GFR [13]. A reduction 
in 5-alpha-reductase activity is evidenced by a 
reduced dihydrotestosterone (DHT) to testoster-
one ratio. Sex hormone-binding globulin (SHBG) 
levels and its binding capacity are usually normal 
[22–24]. Overall, low testosterone levels appear 
to be due to a low testicular production rather 
than an increase in metabolic clearance [1]. 
Decreased testosterone levels are associated with 
a loss of muscle mass and strength, decreased 
bone mineral density (BMD) and libido, poor 
erectile function, anemia, and fatigue.

Secretion of inhibin, a protein produced by the 
Sertoli cells that exerts a negative feedback on 
follicle-stimulating hormone (FSH) release, tends 
to decrease, leading to higher FSH concentrations 
[13]. Uremic inhibition of luteinizing hormone 
(LH) signaling at the level of the Leydig cells in 
the testes diminishes negative feedback inhibition 
by testosterone, and decreased clearance is asso-
ciated with an elevated plasma concentration of 
LH [25]. However, the acidic and bioactive forms 
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of LH are decreased in men on dialysis [26]. 
Hyperprolactinemia, which results from reduced 
clearance of prolactin in CKD [17], inhibits LH 
secretion and pulsatile gonadotropin- releasing 
hormone (GnRH) secretion at the hypothalamus 
and attenuates pituitary responsiveness to GnRH 
[27–29]. However, basal GnRH levels have been 
shown to be increased in ESRD and are corrected 
by dialysis [30]. Hyperparathyroidism, a common 
condition among CKD patients, also stimulates 
the secretion of prolactin, contributing to hyperp-
rolactinemia [17]. Interestingly, the calcium-sens-
ing receptor (CaSR) is expressed in the testis, and 
treatment of secondary hyperparathyroidism in 
male ESRD patients with a calcimimetic is asso-
ciated with a further decrease in serum total and 
free testosterone concentrations [31].

 Adverse Health Consequences 
of Testicular Dysfunction

In a cross-sectional study of 160 obese men, total 
testosterone and free testosterone were below 
normal in 57.5% and 35.6%, respectively, of the 
population, and decreased libido and erectile dys-
function were 7.1 and 6.7 times more common, 
respectively, in those with biochemical evidence 
of hypogonadism than in eugonadal obese men 
[32]. Erectile dysfunction (ED) and CKD share 
common risk factors, and both are associated 
with diseases involving endothelial impairment 
such as diabetes mellitus, anemia, hypertension, 
dyslipidemia, coronary artery disease, smoking, 
and obesity [33]. The bioavailability of nitrous 
oxide (NO), which is the primary neurotrans-
mitter of penile erection, is reduced in CKD as 
a result of altered expression of NO synthase 
(NOS) [34]. As such, sexual dysfunction is 
very prevalent in men with CKD, especially in 
those with ESRD. A large systematic review and 
meta- analysis of observational studies in men 
with CKD reported that ED affected approxi-
mately 70% with no difference in prevalence 
rates among those on hemodialysis vs. peritoneal 
dialysis [35]. Using the validated International 
Index of Erectile Function (IIEF), the prevalence 
and severity of ED in hemodialysis patients were 

significantly higher than that of the controls in 
each age group [36]. In a cross-sectional study of 
302 ESRD patients, increasing age, diabetes, and 
nonuse of angiotensin-converting enzyme (ACE) 
inhibitors were associated with higher prevalence 
of ED [37]. Even after renal transplantation, 
prevalence rates of ED still approach 50% [38].

A reduction in testosterone levels has been 
associated with the metabolic syndrome (MetS) 
and its individual components (visceral obesity, 
high triglycerides/low HDL cholesterol, hyper-
glycemia, and hypertension) regardless of age 
[39–43]. There seems to be a bidirectional rela-
tionship between hypogonadism and increased 
body fat mass, inflammation, and insulin sen-
sitivity [44].

An independent role for sex in the progres-
sion of CKD has not been clearly established and 
remains controversial [45, 46]. A meta-analysis 
of 11,345 subjects by Neugarten et al. concluded 
that male sex was associated with a more rapid 
rate of progression and worse renal outcomes 
in patients with nondiabetic CKD [45]. Meta- 
analyses also have shown an association between 
progression of IgA nephropathy, polycystic kid-
ney disease, and membranous nephropathy with 
male sex [47–49]. It is unclear whether the asso-
ciation of sex with renal disease progression is 
related to sex differences in other risk factors 
such as diet, blood pressure, or serum lipid lev-
els or the result of complex interactions between 
chromosomal sex and epigenetic and activational 
effects of androgens and estrogens. Estrogen may 
have a protective effect by attenuating injury- 
induced superoxide production [50].

Hypertension is more widely prevalent in 
men than in women, although women have an 
increase in blood pressure after menopause, 
similar to measurements in men [51]. Androgen 
receptor expression has been found in the proxi-
mal tubule and in the cortical collecting ducts 
of human kidneys, suggesting that testosterone 
plays a local role in blood pressure regulation 
[52]. In an animal model of hypertension, male 
rats have higher blood pressures than female rats, 
which are reduced to female levels after castra-
tion [53–55]. Castration of spontaneously hyper-
tensive rats (SHR) or treatment with the androgen 
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receptor antagonist flutamide not only attenuates 
hypertension but also improves renal hemody-
namics, decreases renin activity, and prevents 
age-related glomerular sclerosis [55, 56]. Baylis 
et  al. studied glomerulosclerosis in aging rats 
and found that intact males developed progres-
sive glomerular damage and proteinuria, whereas 
females are both intact and ovariectomized, and 
castrated males were protected from renal injury 
[57]. Exogenous administration of testoster-
one may exacerbate renal injury by stimulating 
TNF-α production and increasing pro-apoptotic 
and pro- fibrotic signaling [58] and increasing 
tubular sodium and water resorption through 
activation of the renin-angiotensin-aldosterone 
system (RAAS) and upregulation of endothelin 
[59–62]. Some effects of testosterone may be 
mediated through its aromatization to estradiol, 
thereby activating the estrogen receptor, thus 
complicating our understanding of the impact of 
testosterone levels on progression to CKD [63]. 
This rodent data is highly strain-specific.

In epidemiologic studies, low testosterone 
levels have been associated with all-cause mor-
tality, especially cardiovascular mortality. Low 
testosterone levels have been associated with 
endothelial dysfunction and atherosclerosis in 
male ESRD patients [64]. Although low testos-
terone levels have been reported to be associated 
with an increased risk of death in patients with 
CKD, it remains controversial whether this asso-
ciation is independent of age [15, 65]. Yilmaz 
et  al. showed that in male, non-dialysis CKD 
patients, the reduction in endogenous free and 
total testosterone levels was negatively associ-
ated with endothelial dysfunction [19]. Low tes-
tosterone levels have also been associated with 
increased arterial stiffness [66]. In a population-
based study (n  =  1822), men with both renal 
dysfunction and low testosterone had a more 
than twofold increase in all-cause mortality (HR 
2.52) [67]. A low testosterone level at the time of 
renal transplantation was found to be indepen-
dently associated with patient death (HR 2.27) 
and graft loss (HR 2.05) [68]. However, epide-
miologic studies can only demonstrate associa-
tion but not causality; in fact, reverse causality 
cannot be excluded. It is possible that low tes-

tosterone levels are a marker of poor health and 
men with increased burden of chronic conditions 
who are at increased risk of death may have low 
testosterone levels.

Testosterone deficiency is associated with 
low bone density, and testosterone replacement 
increases areal bone mineral density in the spine 
and volumetric bone density and bone strength in 
both the spine and hip in older men with unequiv-
ocally low testosterone levels [69, 70]. However, 
the effects of testosterone on fracture have not 
been studied. Reductions in BMD and elevation 
of biochemical markers of bone turnover prog-
ress as renal function declines [71]. Data from 
large, epidemiological studies have reported an 
increased risk of fractures among patients with 
CKD compared with the general population [72, 
73]. This risk may be explained by a combina-
tion of factors including secondary hyperpara-
thyroidism, osteomalacia, medications (like 
corticosteroids), immobilization, osteopenia, and 
osteoporosis [74]. Older men with reduced renal 
function are at increased risk of hip bone loss 
[75]. No randomized trials have evaluated the 
efficacy of testosterone therapy on fracture risk 
in men with CKD.

 Diagnosis of Testosterone 
Deficiency in CKD

The Endocrine Society recommends screening 
for hypogonadism in symptomatic men who 
have conditions which are associated with a 
high risk of testosterone deficiency [76], which 
includes individuals with CKD. In men deemed 
to be testosterone deficient, measurement of LH 
and FSH concentrations can help to distinguish 
between primary and secondary hypogonadism. 
In primary hypogonadism, LH and FSH levels 
are elevated, while in secondary or hypogonad-
otropic hypogonadism, low testosterone levels 
are associated with low or inappropriately nor-
mal LH and FSH levels. Primary hypogonadism 
is the more common metabolic derangement 
associated with CKD [1–3]. However, men with 
CKD may typically have defects at all levels of 
the HPG axis.
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The diagnosis of hypogonadism should be based 
upon the ascertainment of signs and symptoms of 
androgen deficiency along with unequivocally low 
fasting levels of circulating testosterone on at least 
two occasions, using a reliable assay (Fig.  9.2) 
[4]. Physical examination should be conducted 
with particular attention paid to hair growth, tes-
ticular volume, and the presence of gynecomastia. 
Testicular size should be measured using a Prader 
orchidometer. Damage to the seminiferous tubules 
may result in a decrease in the size of the testes.

Total testosterone represents the sum of free 
testosterone and testosterone that is bound to 
plasma proteins including albumin, SHBG, oro-
somucoid, and cortisol-binding globulin. Liquid 
chromatography-tandem mass spectrometry (LC-
MS/MS) has emerged as the reference method 
with the highest accuracy and precision for mea-
suring total testosterone levels. The reported ref-
erence ranges for total and free testosterone levels 
in healthy young men vary considerably among 
laboratories and assays [6, 77–79]. In one compar-
ison of six different assays, the lower limit of the 
reported reference range for total testosterone var-

ied from 132 to 298 ng/dL (4.6–10.3 nmol/L) [80]. 
A substantial amount of the variation in reference 
ranges is due to the lack of standardization of tes-
tosterone assays and differences in the reference 
populations used to generate ranges. Recently, 
the Endocrine Society and the Partnership for the 
Accurate Testing of Hormones (PATH) supported 
a project to develop a harmonized reference range 
utilizing community- dwelling men from four large 
cohorts in the United States and Europe, by cross- 
calibrating the assays used in each epidemiologic 
study against a higher-order method and calibra-
tor developed by the Centers for Disease Control 
(CDC), and then harmonizing the local values to 
the CDC-standardized measurements using the 
Deming-Bablok regression [77]. The harmonized 
reference range for total testosterone in healthy, 
nonobese young men (aged 19–39  years) was 
264–916  ng/dL (9.2–31.8  nmol/L) using har-
monized 2.5th and 97.5th percentile values and 
303–852 ng/dL (10.5– 29.5 nmol/L) using har-
monized 5th and 95th percentile values [77]. 
This range can be used for CDC-certified total 
testosterone assays [6].

Patient with renal failure and signs & symptoms of hypogonadism

Total Testosterone (morning, reliable assay)

Total Testosterone <280–300 ng/dl

Repeat morning total testosterone

Total testosterone <280–300 ng/dl
(Measure free testosterone if SHBG variations expected) Hypogonadism confirmed

Measure gonadotropins (LH/FSH)

High
(Primary hypogonadism)

Low or Inappropriately normal
(Secondary hypogonadism)

Consider testosterone replacement therapy
or other medical therapies

• Check prolactin, Iron studies

• Consider pituitary imaging
• Exclude opioids/glucocorticoids

Total testosterone >280–300 ng/dl
Hypogonadism

unlikely
Reassare/Follow-up

Fig. 9.2 Diagnosis of hypogonadism in patients with renal failure
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As total testosterone concentrations are 
affected by the circulating concentrations of 
SHBG, measurement of free testosterone levels 
is important in conditions in which alterations 
in binding protein concentrations may occur, 
such as kidney disease. Free testosterone con-
centrations can be measured using equilibrium 
dialysis, ultrafiltration, or estimated from for-
mulas that use the total testosterone, SHBG, 
and albumin concentrations. Free testosterone 
measurements by tracer analog methods are not 
accurate and are therefore not recommended 
[81]. The linear law of mass actions for estimat-
ing free testosterone concentrations is based 
on assumptions of linear binding of testoster-
one to SHBG with a single binding constant 
[82], and these assumptions have recently been 
shown to be inaccurate [83]. Zakharov and col-
leagues showed that the binding of testoster-
one to SHBG is a complex, multistep process, 
which involves allostery between the binding 
sites [83]. The estimates of free testosterone 
concentration using this new multistep ensem-
ble binding model with allostery provide close 
approximation to those measured using equi-
librium dialysis [83]. However, it is unclear 
how kidney failure might affect the perfor-
mance of this algorithm, which was established 
in those with normal kidney function.

 Clinical Manifestations

In the general population, hypogonadal men may 
present with a variety of symptoms including 
decreased libido, difficulty with erections, low 
energy, depression, fatigue, poor mood, gyneco-
mastia, and/or infertility. In the European Male 
Aging Study (EMAS), only three sexual symp-
toms including poor morning erections, low 
libido, and erectile dysfunction were shown to 
have a syndromic association with decreased 
testosterone levels [9]. ED, decreased libido, 
and infertility have been shown to be common 
features of men with CKD. Up to 56% of men 
receiving dialysis develop ED [84]. Hypogonadal 
men with CKD also have a diminished quality of 
life [85].

Skeletal muscle atrophy and weakness (sarcope-
nia) are prominent features of renal disease, espe-
cially in those who are hemodialysis- dependent 
[86], as testosterone is thought to play an important 
anabolic role in muscle synthesis. Hemodialysis 
itself is a catabolic process and likely contributes 
to sarcopenia [87–90]. Cigarrán and colleagues 
showed that in men with moderate CKD, endog-
enous testosterone was independently associated 
with muscle strength and fat-free mass [91].

 Treatment

 Testosterone Therapy

Therapy for progressive CKD is initially directed at 
optimizing dialysis and nutritional status, correct-
ing anemia with recombinant erythropoietin, and 
limiting the maladaptive metabolic consequences 
of secondary hyperparathyroidism with vitamin 
D and phosphate binders. Phosphodiesterase 
inhibitors have become a first- line agent in treat-
ing erectile dysfunction. In hypogonadal men 
with CKD who complain of decreased libido, 
decreased muscle mass, and fatigue, testosterone 
may be of additional benefit as well.

In a comparison of the pharmacokinetics of 
transdermal testosterone in testosterone-deficient 
men with ESRD on maintenance hemodialysis 
and men with normal renal function who had 
classical hypogonadism, Singh et  al. reported 
that the time-average, steady-state total and free 
testosterone concentrations and minimum and 
maximum total and free testosterone concentra-
tions were not significantly different between 
the two groups [18]. Increments in total and 
free testosterone concentrations above baseline, 
baseline- subtracted areas under the total and free 
testosterone curves, and half-life of testosterone 
elimination also were not significantly different 
between the two groups. The amount of testos-
terone removed in the dialysate (8.4 +/− 1.6 μg 
during 4 h of hemodialysis) was quite small 
compared with the daily testosterone produc-
tion rates in healthy young men [18]. Therefore, 
testosterone replacement therapy in hypogo-
nadal men with CKD patients who are receiving 
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maintenance hemodialysis can be accomplished 
using the same dosages and regimens that the 
Endocrine Society has recommended for testos-
terone replacement of healthy hypogonadal men 
[92, 93]. Patients should be counseled that long-
term data showing the risks and benefits of tes-
tosterone replacement therapy in men with CKD 
are lacking.

Because of the high burden of functional limi-
tations and disability in CKD patients, several 
trials have investigated whether androgen admin-
istration can increase muscle mass, strength, and 
physical function in CKD.  Johansen and col-
leagues investigated the effects of nandrolone 
decanoate on lean body mass (LBM), functional 
status, and quality of life in hypogonadal men 
with CKD on dialysis; nandrolone administration 
resulted in a significant increase in LBM with an 
associated improvement in measures of physi-
cal function [94]. In another trial, nandrolone 
decanoate also significantly improved LBM in 
pre-dialysis patients with CKD without altering 
renal function or causing serious adverse effects 
[95]. However, the effects of long-term androgen 
therapy on hard patient-important outcomes such 
as disability, falls, fractures, health- related qual-
ity of life, and mortality remain to be determined. 
Furthermore, the long-term safety of androgen 
administration has not been established in well-
powered randomized trials.

Epidemiologic and clinical trials data sup-
port the notion that testosterone is an important 
regulator of erythropoiesis [96, 97]. Testosterone 
levels are associated with hemoglobin levels in 
boys and girls during the pubertal transition and 
in older men and women [98, 99]. Hemoglobin 
and hematocrit levels are higher in men than in 
women [100]. Androgen deficiency in hypogo-
nadal men and in patients with prostate cancer 
receiving androgen deprivation therapy is associ-
ated with anemia [101]; conversely, testosterone 
therapy of androgen-deficient men and patients 
with renal disease increases hematocrit [102]. 
Erythrocytosis is a common adverse effect of tes-
tosterone therapy. Testosterone-induced increases 
in hemoglobin and hematocrit are related to tes-
tosterone dose and circulating testosterone con-
centrations in young and older men. Before the 

advent of erythropoietin, androgens were often 
used to treat anemia of chronic disease, and some 
androgens were even approved for the treatment of 
anemia of chronic kidney disease [103]. Although 
the molecular mechanisms by which testosterone 
increases hemoglobin and hematocrit are not fully 
understood [104], testosterone has been shown 
to stimulate iron-dependent erythropoiesis. 
Testosterone inhibits hepcidin transcription and 
increases iron availability and incorporation into 
the red blood cells [97]. Additionally, testosterone 
stimulates erythropoietin and erythropoiesis in 
the bone marrow [105, 106].

Although nandrolone decanoate was approved 
in the United States for the treatment of anemia 
of kidney disease, few large, adequately powered 
randomized trials of testosterone or other andro-
gens have been conducted. The published trials 
have been limited by their small sample size, 
variable doses and durations, heterogeneity of 
patient population, and suboptimal attention to 
the adequacy of iron stores [107–109]. Not sur-
prisingly, a Cochrane review found the evidence 
inconclusive about the efficacy of androgen ther-
apy for the treatment of anemia of renal disease 
[103]. In one study of hypogonadal men on eryth-
ropoiesis-stimulating agents (ESA) undergoing 
hemodialysis, higher ESA doses were required in 
men with low testosterone levels, suggesting that 
hypogonadism may be an additional contributor 
to anemia and reduced responsiveness to ESA in 
men with CKD [110]. The hypothesis that testos-
terone treatment may restore responsiveness to 
erythropoietin has not been tested rigorously in 
randomized trials. The Clinical Guidelines from 
the Kidney Disease Improving Global Outcome 
(KDIGO) for Anemia in Chronic Kidney Disease 
recommend against the use of androgens as an 
adjuvant to ESA, citing a lack of evidence from 
large, randomized controlled trials and the uncer-
tain long- term risks of androgen use [111].

 Other Medical Therapies

Aside from testosterone, other medications that 
impact the HPG axis have been considered for 
treating hypogonadism in CKD patients; how-
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ever, limited efficacy and safety data are avail-
able. Clomiphene citrate is a weak estrogen 
receptor antagonist that stimulates gonadotro-
pin secretion and raises testosterone levels in 
CKD patients [112, 113]. Treatment of anemic 
hypogonadal patients with recombinant human 
erythropoietin (rhEPO) has been associated with 
modest improvements in circulating testosterone 
levels [114] and sexual function in some stud-
ies [115, 116] but not in others [117]. In patients 
with CKD who have hyperprolactinemia, dopa-
minergic agonists such as bromocriptine lower 
prolactin and raise testosterone levels [118, 119], 
but sexual function and libido are not necessarily 
normalized [120]. In one short-term trial, human 
chorionic gonadotropin (hCG) administration did 
not result in a satisfactory rise in testosterone as 
compared with controls [121]. However, during 
prolonged hCG administration, plasma testos-
terone levels were normalized [121]. For these 
reasons, replacement therapy using one of many 
approved testosterone formulations remains the 
best option for treating CKD patients who have 
confirmed hypogonadism.

Phosphodiesterase type 5 (PDE5) inhibitors 
are highly effective drugs for treating men with 
ED; however, few randomized trials have system-
atically evaluated their efficacy and safety in men 
with CKD. There is an unmet need for studying 
interventions for sexual dysfunction in CKD.

 Renal Transplantation

The HPG axis dysfunction typically does not 
improve and may continue to progress with 
initiation of hemodialysis [1, 11, 122, 123]. In 
contrast, renal transplantation usually results in 
reductions of high levels of prolactin and eleva-
tion of circulating testosterone concentrations 
[124–127]. Although there is normalization of 
testosterone levels by 6–12  months after trans-
plantation in many men, approximately 25% of 
men evaluated 1–2  years after transplantation 
still have biochemical evidence of testosterone 
deficiency [128]. Several studies suggest that ED 
still remains highly prevalent, affecting ~50% 
of patients after kidney transplantation [38, 

129]. Factors associated with posttransplant ED 
include older age, longer time on hemodialysis 
prior to transplantation, pre-existing comorbid 
conditions including diabetes and hypertension, 
and the use of certain antihypertensive drugs 
[129, 130]. Though the elevation of FSH in 
CKD tends to be variable, an increased FSH 
level may portend a poor prognosis for return 
of spermatogenic function after transplantation 
[21]. Inhibin B levels may be helpful in predict-
ing testicular impairment post-kidney transplant 
[128]. Sirolimus, an immunosuppressant widely 
used in renal transplantation, is associated with 
decreased testosterone levels and impaired sper-
matogenesis in recipients [131–133].

 Conclusions

Testosterone deficiency and sexual dysfunc-
tion are common among patients with CKD. It 
remains unclear whether low, endogenous levels 
of circulating testosterone are adaptive or mal-
adaptive. Dysfunction of the HPG axis can usu-
ally be detected early in the course of CKD but 
will often continue to progress even after hemo-
dialysis is initiated. Kidney transplantation is 
the most effective treatment available for revers-
ing uremic hypogonadism, but erectile dysfunc-
tion persists in a large percentage of patients 
even after renal transplantation. Posttransplant 
hypogonadism may even be exacerbated by cer-
tain immunosuppressants. Testosterone replace-
ment therapy can be administered using the 
same dose regimens that are recommended for 
healthy hypogonadal men with normal kidney 
function. Long-term risks and benefits of testos-
terone replacement therapy need to be further 
studied in adequately powered randomized con-
trol trials.

Disclosures Dr. Goldman has no commercial or financial 
conflicts of interest to disclose.

Dr. Bhasin has received research grants from the 
National Institute on Aging, the National Institute of 
Nursing Research, the Foundation for the NIH, the 
Patient-Centered Outcomes Research Institute, AbbVie, 
Transition Therapeutics, and Metro International 
Biotechnology; he has consulted for AbbVie and Novartis 
and has equity interest in FPT, LLC.

A. L. Goldman and S. Bhasin



121

References

 1. Handelsman DJ.  Hypothalamic-pituitary gonadal 
dysfunction in renal failure, dialysis and renal trans-
plantation. Endocr Rev. 1985;6(2):151–82.

 2. Foulks CJ, Cushner HM. Sexual dysfunction in the 
male dialysis patient: pathogenesis, evaluation, and 
therapy. Am J Kidney Dis. 1986;8(4):211–22.

 3. Holley JL.  The hypothalamic-pituitary axis in 
men and women with chronic kidney disease. Adv 
Chronic Kidney Dis. 2004;11(4):337–41.

 4. Traish AM, Miner MM, Morgentaler A, 
Zitzmann M.  Testosterone deficiency. Am J Med. 
2011;124(7):578–87.

 5. Araujo AB, Esche GR, Kupelian V, et al. Prevalence 
of symptomatic androgen deficiency in men. J Clin 
Endocrinol Metab. 2007;92(11):4241–7.

 6. Bhasin S, Pencina M, Jasuja GK, et  al. Reference 
ranges for testosterone in men generated using liq-
uid chromatography tandem mass spectrometry in 
a community-based sample of healthy nonobese 
young men in the Framingham Heart Study and 
applied to three geographically distinct cohorts. J 
Clin Endocrinol Metab. 2011;96(8):2430–9.

 7. Hans D, Barthe N, Boutroy S, Pothuaud L, 
Winzenrieth R, Krieg MA. Correlations between tra-
becular bone score, measured using anteroposterior 
dual-energy X-ray absorptiometry acquisition, and 
3-dimensional parameters of bone microarchitec-
ture: an experimental study on human cadaver ver-
tebrae. J Clin Densitom. 2011;14(3):302–12.

 8. Orwoll E, Lambert LC, Marshall LM, et  al. 
Testosterone and estradiol among older men. J Clin 
Endocrinol Metab. 2006;91(4):1336–44.

 9. Wu FC, Tajar A, Beynon JM, et al. Identification of 
late-onset hypogonadism in middle-aged and elderly 
men. N Engl J Med. 2010;363(2):123–35.

 10. Schaefer F, Mehls O, Ritz E. New insights into endo-
crine disturbances of chronic renal failure. Miner 
Electrolyte Metab. 1992;18(2–5):169–73.

 11. Albaaj F, Sivalingham M, Haynes P, et al. Prevalence 
of hypogonadism in male patients with renal failure. 
Postgrad Med J. 2006;82(972):693–6.

 12. Cerqueira J, Moraes M, Glina S.  Erectile dys-
function: prevalence and associated variables in 
patients with chronic renal failure. Int J Impot Res. 
2002;14(2):65–71.

 13. Palmer BF. Sexual dysfunction in uremia. J Am Soc 
Nephrol. 1999;10(6):1381–8.

 14. Carrero JJ, Qureshi AR, Nakashima A, et  al. 
Prevalence and clinical implications of testoster-
one deficiency in men with end-stage renal disease. 
Nephrol Dial Transplant. 2010;26(1):184–90.

 15. Carrero JJ, Qureshi AR, Parini P, et al. Low serum tes-
tosterone increases mortality risk among male dialy-
sis patients. J Am Soc Nephrol. 2009;20(3):613–20.

 16. Leavey SF, Weitzel WF. Endocrine abnormalities in 
chronic renal failure. Endocrinol Metab Clin N Am. 
2002;31(1):107–19.

 17. Schmidt A, Luger A, Horl WH.  Sexual hormone 
abnormalities in male patients with renal failure. 
Nephrol Dial Transplant. 2002;17(3):368–71.

 18. Singh AB, Norris K, Modi N, et al. Pharmacokinetics 
of a transdermal testosterone system in men with 
end stage renal disease receiving maintenance 
hemodialysis and healthy hypogonadal men. J Clin 
Endocrinol Metab. 2001;86(6):2437–45.

 19. Yilmaz MI, Sonmez A, Qureshi AR, et  al. 
Endogenous testosterone, endothelial dysfunction, 
and cardiovascular events in men with nondialysis 
chronic kidney disease. Clin J Am Soc Nephrol. 
2011;6(7):1617–25.

 20. Yi S, Selvin E, Rohrmann S, et al. Endogenous sex 
steroid hormones and measures of chronic kidney 
disease (CKD) in a nationally representative sample 
of men. Clin Endocrinol. 2009;71(2):246–52.

 21. Prem AR, Punekar SV, Kalpana M, Kelkar AR, 
Acharya VN.  Male reproductive function in urae-
mia: efficacy of haemodialysis and renal transplan-
tation. Br J Urol. 1996;78(4):635–8.

 22. de Vries CP, Gooren LJ, Oe PL. Haemodialysis and 
testicular function. Int J Androl. 1984;7(2):97–103.

 23. Ramirez G, Butcher D, Brueggemeyer CD, Ganguly 
A.  Testicular defect: the primary abnormality 
in gonadal dysfunction of uremia. South Med J. 
1987;80(6):698–701.

 24. Hylander B, Lehtihet M. Testosterone and gonado-
tropins but not SHBG vary with CKD stages in 
young and middle aged men. Basic Clin Androl. 
2015;25:9.

 25. Dunkel L, Raivio T, Laine J, Holmberg C. Circulating 
luteinizing hormone receptor inhibitor(s) in 
boys with chronic renal failure. Kidney Int. 
1997;51(3):777–84.

 26. Mitchell R, Bauerfeld C, Schaefer F, Scharer K, 
Robertson WR.  Less acidic forms of luteinizing 
hormone are associated with lower testosterone 
secretion in men on haemodialysis treatment. Clin 
Endocrinol (Oxf). 1994;41(1):65–73.

 27. Cheung CY.  Prolactin suppresses luteinizing hor-
mone secretion and pituitary responsiveness to 
luteinizing hormone-releasing hormone by a direct 
action at the anterior pituitary. Endocrinology. 
1983;113(2):632–8.

 28. Veldhuis JD, Wilkowski MJ, Zwart AD, et  al. 
Evidence for attenuation of hypothalamic 
gonadotropin- releasing hormone (GnRH) impulse 
strength with preservation of GnRH pulse frequency 
in men with chronic renal failure. J Clin Endocrinol 
Metab. 1993;76(3):648–54.

 29. Wheatley T, Clark PM, Clark JD, Raggatt PR, 
Evans D, Holder R.  Pulsatility of luteinising hor-
mone in men with chronic renal failure: abnor-
mal rather than absent. Br Med J (Clin Res Ed). 
1987;294(6570):482.

 30. Matsubara M, Nakagawa K, Nonomura K, Hirota 
N.  Plasma LRH levels in chronic renal failure 
before and during haemodialysis. Acta Endocrinol. 
1983;103(2):145–50.

9 Testosterone Deficiency and Other Testicular Disorders in Kidney Disease



122

 31. Kuczera P, Adamczak M, Wiecek A.  Changes of 
serum total and free testosterone concentrations in 
male chronic hemodialysis patients with secondary 
hyperparathyroidism in response to cinacalcet treat-
ment. Kidney Blood Press Res. 2016;41(1):1–8.

 32. Hofstra J, Loves S, van Wageningen B, Ruinemans- 
Koerts J, Jansen I, de Boer H.  High prevalence of 
hypogonadotropic hypogonadism in men referred for 
obesity treatment. Neth J Med. 2008;66(3):103–9.

 33. Mesquita JF, Ramos TF, Mesquita FP, Bastos Netto 
JM, Bastos MG, Figueiredo AA. Prevalence of erec-
tile dysfunction in chronic renal disease patients 
on conservative treatment. Clinics (Sao Paulo). 
2012;67(2):181–3.

 34. Palmer BF.  Outcomes associated with hypogo-
nadism in men with chronic kidney disease. Adv 
Chronic Kidney Dis. 2004;11(4):342–7.

 35. Navaneethan SD, Vecchio M, Johnson DW, et  al. 
Prevalence and correlates of self-reported sexual 
dysfunction in CKD: a meta-analysis of observa-
tional studies. Am J Kidney Dis. 2010;56(4):670–85.

 36. Naya Y, Soh J, Ochiai A, et al. Significant decrease 
of the International Index of Erectile Function in 
male renal failure patients treated with hemodialysis. 
Int J Impot Res. 2002;14(3):172–7.

 37. Rosas SE, Joffe M, Franklin E, et al. Prevalence and 
determinants of erectile dysfunction in hemodialysis 
patients. Kidney Int. 2001;59(6):2259–66.

 38. Espinoza R, Gracida C, Cancino J, Ibarra 
A. Prevalence of erectile dysfunction in kidney trans-
plant recipients. Transplant Proc. 2006;38(3):916–7.

 39. Brand JS, Rovers MM, Yeap BB, et al. Testosterone, 
sex hormone-binding globulin and the metabolic 
syndrome in men: an individual participant data 
meta-analysis of observational studies. PLoS One. 
2014;9(7):e100409.

 40. Corona G, Monami M, Rastrelli G, et al. Testosterone 
and metabolic syndrome: a meta-analysis study. J 
Sex Med. 2011;8(1):272–83.

 41. Garcia-Cruz E, Leibar-Tamayo A, Romero J, et al. 
Metabolic syndrome in men with low testosterone 
levels: relationship with cardiovascular risk factors 
and comorbidities and with erectile dysfunction. J 
Sex Med. 2013;10(10):2529–38.

 42. Laaksonen DE, Niskanen L, Punnonen K, et al. Sex 
hormones, inflammation and the metabolic syn-
drome: a population-based study. Eur J Endocrinol. 
2003;149(6):601–8.

 43. Grosman H, Rosales M, Fabre B, et al. Association 
between testosterone levels and the metabolic syn-
drome in adult men. Aging Male. 2014;17(3):161–5.

 44. Ebrahimi F, Christ-Crain M.  Metabolic syndrome 
and hypogonadism - two peas in a pod. Swiss Med 
Wkly. 2016;146:w14283.

 45. Neugarten J, Acharya A, Silbiger SR.  Effect of 
gender on the progression of nondiabetic renal 
disease: a meta-analysis. J Am Soc Nephrol. 
2000;11(2):319–29.

 46. Jafar TH, Schmid CH, Stark PC, et al. The rate of pro-
gression of renal disease may not be slower in women 

compared with men: a patient-level meta-analysis. 
Nephrol Dial Transplant. 2003;18(10):2047–53.

 47. Hall YN, Fuentes EF, Chertow GM, Olson JL. Race/
ethnicity and disease severity in IgA nephropathy. 
BMC Nephrol. 2004;5:10.

 48. Terada N, Arai Y, Kinukawa N, Yoshimura K, 
Terai A.  Risk factors for renal cysts. BJU Int. 
2004;93(9):1300–2.

 49. Donadio JV Jr, Torres VE, Velosa JA, et al. Idiopathic 
membranous nephropathy: the natural history of 
untreated patients. Kidney Int. 1988;33(3):708–15.

 50. Sandberg K.  Mechanisms underlying sex differ-
ences in progressive renal disease. Gend Med. 
2008;5(1):10–23.

 51. Khoury S, Yarows SA, O'Brien TK, Sowers 
JR.  Ambulatory blood pressure monitoring in a 
nonacademic setting. Effects of age and sex. Am J 
Hypertens. 1992;5(9):616–23.

 52. Kimura N, Mizokami A, Oonuma T, Sasano H, 
Nagura H.  Immunocytochemical localization of 
androgen receptor with polyclonal antibody in 
paraffin-embedded human tissues. J Histochem 
Cytochem. 1993;41(5):671–8.

 53. Reckelhoff JF, Samsell L, Dey R, Racusen L, Baylis 
C. The effect of aging on glomerular hemodynamics 
in the rat. Am J Kidney Dis. 1992;20(1):70–5.

 54. Reckelhoff JF, Zhang H, Granger JP.  Testosterone 
exacerbates hypertension and reduces pressure- 
natriuresis in male spontaneously hypertensive rats. 
Hypertension. 1998;31(1 Pt 2):435–9.

 55. Reckelhoff JF, Zhang H, Srivastava K, Granger 
JP. Gender differences in hypertension in spontane-
ously hypertensive rats: role of androgens and andro-
gen receptor. Hypertension. 1999;34(4 Pt 2):920–3.

 56. Fortepiani LA, Yanes L, Zhang H, Racusen LC, 
Reckelhoff JF.  Role of androgens in mediat-
ing renal injury in aging SHR.  Hypertension. 
2003;42(5):952–5.

 57. Baylis C.  Age-dependent glomerular damage in 
the rat. Dissociation between glomerular injury 
and both glomerular hypertension and hypertrophy. 
Male gender as a primary risk factor. J Clin Invest. 
1994;94(5):1823–9.

 58. Metcalfe PD, Leslie JA, Campbell MT, Meldrum 
DR, Hile KL, Meldrum KK.  Testosterone exacer-
bates obstructive renal injury by stimulating TNF- 
alpha production and increasing proapoptotic and 
profibrotic signaling. Am J Physiol Endocrinol 
Metab. 2008;294(2):E435–43.

 59. Chen YF, Naftilan AJ, Oparil S.  Androgen- 
dependent angiotensinogen and renin messenger 
RNA expression in hypertensive rats. Hypertension. 
1992;19(5):456–63.

 60. Ellison KE, Ingelfinger JR, Pivor M, Dzau 
VJ.  Androgen regulation of rat renal angioten-
sinogen messenger RNA expression. J Clin Invest. 
1989;83(6):1941–5.

 61. Alexander BT, Cockrell KL, Rinewalt AN, 
Herrington JN, Granger JP. Enhanced renal expres-
sion of preproendothelin mRNA during chronic 

A. L. Goldman and S. Bhasin



123

angiotensin II hypertension. Am J Physiol Regul 
Integr Comp Physiol. 2001;280(5):R1388–92.

 62. Reckelhoff JF, Yanes LL, Iliescu R, Fortepiani LA, 
Granger JP.  Testosterone supplementation in aging 
men and women: possible impact on cardiovascular- 
renal disease. Am J Physiol Renal Physiol. 
2005;289(5):F941–8.

 63. Dousdampanis P, Trigka K, Fourtounas C, Bargman 
JM.  Role of testosterone in the pathogenesis, 
progression, prognosis and comorbidity of men 
with chronic kidney disease. Ther Apher Dial. 
2014;18(3):220–30.

 64. Karakitsos D, Patrianakos AP, De Groot E, et  al. 
Androgen deficiency and endothelial dysfunc-
tion in men with end-stage kidney disease receiv-
ing maintenance hemodialysis. Am J Nephrol. 
2006;26(6):536–43.

 65. Gungor O, Kircelli F, Carrero JJ, et al. Endogenous 
testosterone and mortality in male hemodialysis 
patients: is it the result of aging? Clin J Am Soc 
Nephrol. 2010;5(11):2018–23.

 66. Kyriazis J, Tzanakis I, Stylianou K, et al. Low serum 
testosterone, arterial stiffness and mortality in male 
haemodialysis patients. Nephrol Dial Transplant. 
2011;26(9):2971–7.

 67. Haring R, Nauck M, Volzke H, et  al. Low serum 
testosterone is associated with increased mortality 
in men with stage 3 or greater nephropathy. Am J 
Nephrol. 2011;33(3):209–17.

 68. Shoskes DA, Kerr H, Askar M, Goldfarb DA, Schold 
J.  Low testosterone at time of transplantation is 
independently associated with poor patient and graft 
survival in male renal transplant recipients. J Urol. 
2014;192(4):1168–71.

 69. Deb P, Gupta SK, Godbole MM. Effects of short-term 
testosterone replacement on areal bone mineral den-
sity and bone turnover in young hypogonadal males. 
Indian J Endocrinol Metab. 2012;16(6):947–51.

 70. Snyder PJ, Kopperdahl DL, Stephens-Shields AJ, 
et  al. Effect of testosterone treatment on volumet-
ric bone density and strength in older men with low 
testosterone: a controlled clinical trial. JAMA Intern 
Med. 2017;177(4):471–9.

 71. Rix M, Andreassen H, Eskildsen P, Langdahl B, 
Olgaard K.  Bone mineral density and biochemi-
cal markers of bone turnover in patients with 
predialysis chronic renal failure. Kidney Int. 
1999;56(3):1084–93.

 72. Stehman-Breen CO, Sherrard DJ, Alem AM, et  al. 
Risk factors for hip fracture among patients with end- 
stage renal disease. Kidney Int. 2000;58(5):2200–5.

 73. Alem AM, Sherrard DJ, Gillen DL, et al. Increased 
risk of hip fracture among patients with end-stage 
renal disease. Kidney Int. 2000;58(1):396–9.

 74. Lindberg JS, Moe SM.  Osteoporosis in end-state 
renal disease. Semin Nephrol. 1999;19(2):115–22.

 75. Ishani A, Paudel M, Taylor BC, et  al. Renal func-
tion and rate of hip bone loss in older men: the 
Osteoporotic Fractures in Men Study. Osteoporos 
Int. 2008;19(11):1549–56.

 76. Bhasin S, Cunningham GR, Hayes FJ, et  al. 
Testosterone therapy in men with androgen defi-
ciency syndromes: an Endocrine Society clini-
cal practice guideline. J Clin Endocrinol Metab. 
2010;95(6):2536–59.

 77. Travison TG, Vesper HW, Orwoll E, et  al. 
Harmonized reference ranges for circulating tes-
tosterone levels in men of four cohort studies in the 
United States and Europe. J Clin Endocrinol Metab. 
2017;102(4):1161–73.

 78. Sikaris K, McLachlan RI, Kazlauskas R, de Kretser 
D, Holden CA, Handelsman DJ. Reproductive hor-
mone reference intervals for healthy fertile young 
men: evaluation of automated platform assays. J Clin 
Endocrinol Metab. 2005;90(11):5928–36.

 79. Boyce MJ, Baisley KJ, Clark EV, Warrington SJ. Are 
published normal ranges of serum testosterone too 
high? Results of a cross-sectional survey of serum 
testosterone and luteinizing hormone in healthy 
men. BJU Int. 2004;94(6):881–5.

 80. Wang C, Catlin DH, Demers LM, Starcevic B, 
Swerdloff RS.  Measurement of total serum testos-
terone in adult men: comparison of current labora-
tory methods versus liquid chromatography- tandem 
mass spectrometry. J Clin Endocrinol Metab. 
2004;89(2):534–43.

 81. Rosner W, Auchus RJ, Azziz R, Sluss PM, Raff 
H.  Position statement: utility, limitations, and 
pitfalls in measuring testosterone: an Endocrine 
Society position statement. J Clin Endocrinol Metab. 
2007;92(2):405–13.

 82. Vermeulen A, Verdonck L, Kaufman JM. A critical 
evaluation of simple methods for the estimation of 
free testosterone in serum. J Clin Endocrinol Metab. 
1999;84(10):3666–72.

 83. Zakharov MN, Bhasin S, Travison TG, et  al. A 
multi-step, dynamic allosteric model of testoster-
one’s binding to sex hormone binding globulin. Mol 
Cell Endocrinol. 2015;399:190–200.

 84. Sherman FP.  Impotence in patients with chronic 
renal failure on dialysis: its frequency and etiology. 
Fertil Steril. 1975;26(3):221–3.

 85. Carrero JJ, Stenvinkel P.  The vulnerable man: 
impact of testosterone deficiency on the uraemic 
phenotype. Nephrol Dial Transplant. 2012;27(11): 
4030–41.

 86. Chauveau P, Moreau K, Lasseur C, Fouque D, Combe 
C, Aparicio M. [Sarcopenia or uremic myopathy in 
CKD patients]. Nephrol Ther. 2016;12(2):71–5.

 87. Lim VS, Ikizler TA, Raj DS, Flanigan MJ.  Does 
hemodialysis increase protein breakdown? 
Dissociation between whole-body amino acid turn-
over and regional muscle kinetics. J Am Soc Nephrol. 
2005;16(4):862–8.

 88. Ikizler TA, Pupim LB, Brouillette JR, et  al. 
Hemodialysis stimulates muscle and whole body 
protein loss and alters substrate oxidation. Am J 
Physiol Endocrinol Metab. 2002;282(1):E107–16.

 89. Raj DS, Dominic EA, Wolfe R, et  al. Coordinated 
increase in albumin, fibrinogen, and muscle protein 

9 Testosterone Deficiency and Other Testicular Disorders in Kidney Disease



124

synthesis during hemodialysis: role of cytokines. Am 
J Physiol Endocrinol Metab. 2004;286(4):E658–64.

 90. Pupim LB, Majchrzak KM, Flakoll PJ, Ikizler 
TA.  Intradialytic oral nutrition improves protein 
homeostasis in chronic hemodialysis patients with 
deranged nutritional status. J Am Soc Nephrol. 
2006;17(11):3149–57.

 91. Cigarran S, Pousa M, Castro MJ, et al. Endogenous 
testosterone, muscle strength, and fat-free mass 
in men with chronic kidney disease. J Ren Nutr. 
2013;23(5):e89–95.

 92. Johansen KL. Testosterone metabolism and replace-
ment therapy in patients with end-stage renal dis-
ease. Semin Dial. 2004;17(3):202–8.

 93. Johansen KL.  Treatment of hypogonadism in men 
with chronic kidney disease. Adv Chronic Kidney 
Dis. 2004;11(4):348–56.

 94. Johansen KL, Mulligan K, Schambelan M. Anabolic 
effects of nandrolone decanoate in patients receiv-
ing dialysis: a randomized controlled trial. JAMA. 
1999;281(14):1275–81.

 95. Eiam-Ong S, Buranaosot S, Wathanavaha A, Pansin 
P. Nutritional effect of nandrolone decanoate in pre-
dialysis patients with chronic kidney disease. J Ren 
Nutr. 2007;17(3):173–8.

 96. Shin YS, You JH, Cha JS, Park JK. The relationship 
between serum total testosterone and free testos-
terone levels with serum hemoglobin and hema-
tocrit levels: a study in 1221 men. Aging Male. 
2016;19(4):209–14.

 97. Bachman E, Travison TG, Basaria S, et  al. 
Testosterone induces erythrocytosis via increased 
erythropoietin and suppressed hepcidin: evidence 
for a new erythropoietin/hemoglobin set point. J 
Gerontol A Biol Sci Med Sci. 2014;69(6):725–35.

 98. Krabbe S, Christensen T, Worm J, Christiansen C, 
Transbol I. Relationship between haemoglobin and 
serum testosterone in normal children and ado-
lescents and in boys with delayed puberty. Acta 
Paediatr Scand. 1978;67(5):655–8.

 99. Thomsen K, Riis B, Krabbe S, Christiansen 
C.  Testosterone regulates the haemoglobin con-
centration in male puberty. Acta Paediatr Scand. 
1986;75(5):793–6.

 100. Murphy WG.  The sex difference in haemoglobin 
levels in adults  – mechanisms, causes, and conse-
quences. Blood Rev. 2014;28(2):41–7.

 101. Grossmann M, Zajac JD.  Hematological changes 
during androgen deprivation therapy. Asian J Androl. 
2012;14(2):187–92.

 102. Kraft D.  Long-term treatment of renal anaemia 
with mesterolone (author’s transl). Dtsch Med 
Wochenschr. 1980;105(23):830–2.

 103. Yang Q, Abudou M, Xie XS, Wu T. Androgens for 
the anaemia of chronic kidney disease in adults. 
Cochrane Database Syst Rev. 2014;(10):CD006881.

 104. Maggio M, Snyder PJ, Ceda GP, et al. Is the haema-
topoietic effect of testosterone mediated by erythro-
poietin? The results of a clinical trial in older men. 
Andrology. 2013;1(1):24–8.

 105. Perretta M, Valladares L, Romero C, et al. Hormone 
action on the cell nucleus: effect of erythropoietin 
and testosterone on bone marrow. Arch Biol Med 
Exp (Santiago). 1976;10(1–3):35–40.

 106. Ohlander SJ, Varghese B, Pastuszak 
AW.  Erythrocytosis following testosterone therapy. 
Sex Med Rev. 2018;6(1):77–85.

 107. Paul AK, Latif ZA, Iqbal S, Amin F, Shefin SM, 
Ashrafuzzaman SM.  Androgen versus erythropoi-
etin for the treatment of anaemia of pre- dialysis 
chronic kidney disease. Mymensingh Med J. 
2012;21(1):125–8.

 108. Gaughan WJ, Liss KA, Dunn SR, et al. A 6-month 
study of low-dose recombinant human erythropoi-
etin alone and in combination with androgens for 
the treatment of anemia in chronic hemodialysis 
patients. Am J Kidney Dis. 1997;30(4):495–500.

 109. Teruel JL, Aguilera A, Marcen R, Navarro Antolin 
J, Garcia Otero G, Ortuno J.  Androgen therapy 
for anaemia of chronic renal failure. Indications 
in the erythropoietin era. Scand J Urol Nephrol. 
1996;30(5):403–8.

 110. Carrero JJ, Barany P, Yilmaz MI, et al. Testosterone 
deficiency is a cause of anaemia and reduced 
responsiveness to erythropoiesis-stimulating agents 
in men with chronic kidney disease. Nephrol Dial 
Transplant. 2012;27(2):709–15.

 111. Akbari A, Clase CM, Acott P, et  al. Canadian 
Society of Nephrology commentary on the KDIGO 
clinical practice guideline for CKD evaluation 
and management. Am J Kidney Dis. 2015;65(2): 
177–205.

 112. Martin-Malo A, Benito P, Castillo D, et  al. Effect 
of clomiphene citrate on hormonal profile in male 
hemodialysis and kidney transplant patients. 
Nephron. 1993;63(4):390–4.

 113. Lim VS, Fang VS. Restoration of plasma testoster-
one levels in uremic men with clomiphene citrate. J 
Clin Endocrinol Metab. 1976;43(6):1370–7.

 114. Tokgoz B, Utas C, Dogukan A, et al. Effects of long- 
term erythropoietin therapy on the hypothalamo- 
pituitary- testicular axis in male CAPD patients. Perit 
Dial Int. 2001;21(5):448–54.

 115. Anantharaman P, Schmidt RJ.  Sexual function in 
chronic kidney disease. Adv Chronic Kidney Dis. 
2007;14(2):119–25.

 116. Wu SC, Lin SL, Jeng FR. Influence of erythropoietin 
treatment on gonadotropic hormone levels and sex-
ual function in male uremic patients. Scand J Urol 
Nephrol. 2001;35(2):136–40.

 117. Suzuki H, Murakami M, Ichihara A, Saruta 
T. Alterations in sex hormones and sexual function 
of patients with renal failure treated with recombi-
nant human erythropoietin. Nihon Jinzo Gakkai Shi. 
1992;34(1):79–84.

 118. Ramirez G, Butcher DE, Newton JL, Brueggemeyer 
CD, Moon J, Gomez-Sanchez C. Bromocriptine and 
the hypothalamic hypophyseal function in patients 
with chronic renal failure on chronic hemodialysis. 
Am J Kidney Dis. 1985;6(2):111–8.

A. L. Goldman and S. Bhasin



125

 119. Vircburger MI, Prelevic GM, Peric LA, Knezevic J, 
Djukanovic L. Testosterone levels after bromocrip-
tine treatment in patients undergoing long-term 
hemodialysis. J Androl. 1985;6(2):113–6.

 120. Stegmayr B, Skogstrom K.  Hyperprolactinaemia 
and testosterone production. Observations in 2 men 
on long-term dialysis. Horm Res. 1985;21(4):224–8.

 121. Bundschu HD, Rager K, Heller S, et al. Effects of 
long term HCG administration on testicular func-
tion in hemodialysis patients (author's transl). Klin 
Wochenschr. 1976;54(21):1039–46.

 122. Karagiannis A, Harsoulis F.  Gonadal dysfunc-
tion in systemic diseases. Eur J Endocrinol. 
2005;152(4):501–13.

 123. Zhang R, Alper B, Simon E, Florman S, Slakey 
D.  Management of metabolic bone disease in 
kidney transplant recipients. Am J Med Sci. 
2008;335(2):120–5.

 124. Burgos FJ, Pascual J, Gomez V, Orofino L, Liano F, 
Ortuno J. Effect of kidney transplantation and cyclo-
sporine treatment on male sexual performance and 
hormonal profile: a prospective study. Transplant 
Proc. 1997;29(1–2):227–8.

 125. Chu SH, Tay SK, Chiang YJ, et al. Male sexual per-
formance and hormonal studies in uremic patients 
and renal transplant recipients. Transplant Proc. 
1998;30(7):3062–3.

 126. Akbari F, Alavi M, Esteghamati A, et  al. Effect of 
renal transplantation on sperm quality and sex hor-
mone levels. BJU Int. 2003;92(3):281–3.

 127. Tsujimura A, Matsumiya K, Tsuboniwa N, et  al. 
Effect of renal transplantation on sexual function. 
Arch Androl. 2002;48(6):467–74.

 128. Hamdi SM, Walschaerts M, Bujan L, Rostaing L, 
Kamar N.  A prospective study in male recipients 
of kidney transplantation reveals divergent patterns 
for inhibin B and testosterone secretions. Basic Clin 
Androl. 2014;24:11.

 129. Malavaud B, Rostaing L, Rischmann P, Sarramon 
JP, Durand D. High prevalence of erectile dysfunc-
tion after renal transplantation. Transplantation. 
2000;69(10):2121–4.

 130. Rebollo P, Ortega F, Valdes C, et al. Factors associ-
ated with erectile dysfunction in male kidney trans-
plant recipients. Int J Impot Res. 2003;15(6):433–8.

 131. Lee S, Coco M, Greenstein SM, Schechner RS, 
Tellis VA, Glicklich DG. The effect of sirolimus on 
sex hormone levels of male renal transplant recipi-
ents. Clin Transpl. 2005;19(2):162–7.

 132. Huyghe E, Zairi A, Nohra J, Kamar N, Plante P, 
Rostaing L. Gonadal impact of target of rapamycin 
inhibitors (sirolimus and everolimus) in male patients: 
an overview. Transpl Int. 2007;20(4):305–11.

 133. Zuber J, Anglicheau D, Elie C, et al. Sirolimus may 
reduce fertility in male renal transplant recipients. 
Am J Transplant. 2008;8(7):1471–9.

9 Testosterone Deficiency and Other Testicular Disorders in Kidney Disease



127© Springer Nature Switzerland AG 2019 
C. M. Rhee et al. (eds.), Endocrine Disorders in Kidney Disease, 
https://doi.org/10.1007/978-3-319-97765-2_10

Amenorrhea and Estrogen 
Disorders in Women with Kidney 
Disease

Kavitha Vellanki and Holly Kramer

 Introduction

Disorders of the reproductive system are com-
mon in women with chronic kidney disease 
(CKD). Women constitute approximately 42% of 
all adults receiving maintenance dialysis with the 
total number of women receiving dialysis in the 
United States increasing from 233,066 in 2008 to 
293,936  in 2014 [1]. Health issues unique to 
women with CKD remain the most under- 
recognized and neglected patient problems in 
clinical practice. Data on reproductive hormonal 
control in women with CKD but not yet on dialy-
sis remain limited and conflicting, with the vari-
ability of results partly attributed to the cyclical 
nature of hormonal control and temporal differ-
ences in the measurement of hormone levels in 
conjunction with the menstrual cycle. While the 
exact pathophysiology of the disrupted reproduc-
tive cycle in women with CKD lacks details 
regarding the cellular mechanisms, hormonal 
imbalance leading to low estrogen levels plays a 
key role (Table 10.1). Hence, understanding the 
menstrual cycle and hypothalamic-pituitary- 

gonadal axis of sex hormone production in nor-
mal women is crucial to differentiate the changes 
noted in women with kidney disease.

 Menstrual Cycle and Hypothalamic- 
Pituitary- Gonadal Function 
in a Normal Woman

The menstrual cycle in a normal woman results 
in the release of a single mature oocyte, the pro-
cess referred to as ovulation (Fig.  10.1). This 
generally occurs midway through the cycle and is 
facilitated by cyclical changes in various hor-
mones. A menstrual cycle, which typically lasts 
28 days, is normally composed of three phases: a 
follicular or proliferative phase beginning with 
the onset of menses, an ovulatory phase when 
ovulation occurs, and a luteal or secretory phase 
which ends at the onset of menses. Pulsatile 
hypothalamic release of gonadotropin-releasing 
hormone (GnRH) regulates secretion of follicle- 
stimulating hormone (FSH) and luteinizing hor-
mone (LH) from the pituitary gland. During the 
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Table 10.1 Estrogen-related disorders in women with 
kidney disease

1. Menstrual disorders: amenorrhea 30–40%
2. Premature ovarian failure
3. Early menopause
4. Sexual dysfunction
5. Infertility
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follicular phase, FSH secretion stimulates the 
development of follicles, which increase estra-
diol production. The increase in estradiol levels 
stimulates proliferation of the uterine endome-
trium in preparation for the oocyte released by 
the dominant follicle. Then LH increases slowly 
through the follicular phase with estradiol levels 
peaking approximately 7–8  days before the 
 preovulatory surge of LH. During the latter part 
of the follicular phase, a rapid increase in the pul-

satile cycling of GnRH from the hypothalamus 
leads to marked increases in LH and FSH release 
from the anterior pituitary gland. This surge in 
LH culminates in ovulation. Androgens and pro-
gestins also increase a few days before the LH 
surge, with progesterone increasing just before 
the LH surge. This increase in progesterone 
primes the endometrial surface. After release of 
the ovum, the follicle becomes the corpus luteum 
and continues to secrete progesterone and 
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In healthy women, the pituitary gland produces 
GnRH, which stimulates the synthesis and 
secretion of the LH (luteinizing hormone) and 
FSH (follicle-stimulating hormone) 

In women with CKD, prolactin, endorphins and 
leptin may be elevated due to reduced glomerular 
filtration rate and may inhibit flow of GnRH

4 days 14 days 28 days 4 days 14 days 28 days 

Prolactin, 
Endorphins, 
Leptin are 
elevated due 
to reduced 
glomerular 
filtration rate

Fig. 10.1 Cartoon depicting the menstrual cycle in 
healthy women and in women with chronic kidney disease 
(CKD). Gonadotropin-releasing hormone is released by 
the hypothalamus, and the strength of the pulsatile fre-

quency is reduced in CKD. This figure depicts absent ovu-
lation and amenorrhea, but not all premenopausal women 
with CKD have amenorrhea
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 estrogen. In the absence of a fertilized oocyte, 
both estrogen and progesterone secretions gradu-
ally decrease toward the end of luteal phase with 
subsequent sloughing of the endometrium by the 
end of luteal phase with normal menses begin-
ning approximately 14 days after the LH surge.

 Menstrual Cycle and Hypothalamic- 
Pituitary- Gonadal Function 
in Woman with CKD

Menstrual irregularities occur frequently among 
premenopausal women with CKD with wide 
variability reported for menstrual cycle patterns. 
Amenorrhea (absence of menstrual cycles) that is 
often defined as primary (absence of menstrual 
cycles by 15 years of age) or secondary (absence 
of menstrual cycles for more than 3 months with 
previously regular menstrual cycles or absence of 
menses for more than 6 months with previously 
irregular menstrual cycles) occurs in 30–40% of 
premenopausal women with CKD.  The major 

menstrual abnormality in women with CKD is 
anovulation leading to amenorrhea. 
Approximately one-third of premenopausal 
women with CKD report amenorrhea with less 
than 40% reporting regular menstrual cycles [2–
6]. Irregular menstrual patterns ranging from 
occasional spotting to frequent dysfunctional 
uterine bleeding thus occur in up to 30% of pre-
menopausal women with CKD.

The disruption of the hypothalamic-pituitary- 
gonadal axis at various levels is hypothesized to 
be the major factor leading to low estrogen levels 
and menstrual irregularities in premenopausal 
women with CKD. Elevated levels of hormones 
like prolactin, endorphins, and leptin in CKD 
have been implicated in the downregulation of 
hypothalamic secretion of GnRH in women with 
CKD (Fig.  10.2). The weakened pulsatile fre-
quency of the hypothalamic secretion of GnRH 
abrogates the surge in LH and FSH release from 
the anterior pituitary gland (Fig.  10.1). While 
FSH and LH levels are normal to high in the early 
follicular phase in premenopausal women with 
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Fig. 10.2 Hypothalamic-pituitary axis in normal women and women with kidney disease. Red outline, kidney disease; 
blue outline, normal hormonal pattern
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CKD, the lack of an FSH and LH surge leads to 
anovulation. In addition, progesterone, which 
helps prime the endometrium, does not rise nor-
mally during the latter half of the menstrual 
cycle. This abnormal pattern in LH, FSH, and 
progesterone levels throughout the menstrual 
cycle all contributes to menstrual irregularities in 
premenopausal women with CKD (Table 10.2).

The primary defect for anovulation in pre-
menopausal women with CKD resides in the 
hypothalamus as demonstrated by a normal 
response to clomiphene administration in this 
population. Clomiphene citrate blocks the nega-
tive feedback of estrogen on GnRH release by the 
hypothalamus by competitively blocking estro-
gen from binding to hypothalamic receptors [7]. 
Clomiphene then increases the cyclical frequency 
and amount of GnRH release by the hypothala-
mus, and this surge in GnRH stimulates release 
of FSH and LH from the anterior pituitary. In one 
of the only studies to examine clomiphene for 
restoration of menstrual cycles in women receiv-
ing maintenance dialysis, a 5-day course of clo-
miphene citrate resulted in 64% fractional 
increase in LH, 36% fractional increase in estra-
diol, and 25% increase in FSH in premenopausal 
uremic women [8]. To date, no study has exam-
ined whether long-term clomiphene use improves 
sexual and reproductive function in women with 
CKD.

Reasons for a defect at the hypothalamus are 
numerous and include elevated levels of prolac-
tin, endorphins, and leptin, which all inhibit 
GnRH release from the hypothalamus. Elevated 
prolactin levels are common in women with 
CKD, and the rise in prolactin levels parallels the 
decline in glomerular filtration rate [9–11]. 
Increased autonomous production of prolactin 
from the anterior pituitary gland and decreased 
metabolic clearance of prolactin are thought to be 
the most probable causes of elevated prolactin 
levels in women with CKD [12]. Elevated prolac-
tin levels are thought to be more common in 
women than men with CKD, but the cause for the 
female predilection remains unknown. In normal 
women, secretion of prolactin by the pituitary 
gland is stimulated by thyrotropin-releasing hor-
mone and estrogen. For example, both pregnancy 
and use of estrogen-based oral contraceptives are 
associated with elevated prolactin levels. While 
the kidneys play a minor role in prolactin catabo-
lism in persons with normal kidney function, 
women with CKD may have a 30% reduction in 
prolactin clearance leading to elevated prolactin 
levels [12]. Because prolactin levels return 
toward normal after successful kidney transplan-
tation, menses generally resumes with time after 
kidney transplantation [10].

Hyperprolactinemia suppresses pulsatile 
release of GnRH from the hypothalamus which 
in turn affects FSH and LH secretion by the pitu-
itary gland. This leads to anovulatory cycles and 
irregular menstrual cycles in premenopausal 
women with CKD. Resumption of ovulation and 
normalization of prolactin levels have been 
reported with administration of bromocriptine 
(dopamine agonist) in women with chronic renal 
failure [8]. Bromocriptine was given at 2.5  mg 
every 12 h to three women on dialysis with ele-
vated prolactin levels. While prolactin levels nor-
malized in all women, only one showed 
restoration of normal menstrual cycles. 
Therapeutic use of dopamine agonists in idio-
pathic hyperprolactinemia is well documented in 
women with normal renal function with an 80% 
response rate reported with bromocriptine use 
[13]. However, data on the clinical utility of 
dopamine agonist use in premenopausal women 

Table 10.2 Hormonal changes during menstrual cycle in 
normal women and women with CKD

Menstrual cycle
Normal 
women Women with CKD

Pulsatile release of 
GnRH

Present Absent

Estradiol secretion 
in luteal phase

Increased Absent

Cyclical release of 
FSH

Present Absent

LH surge prior to 
ovulation

Present Absent

Increase in 
progesterone

Present Absent

Ovulation Present Absent (especially 
in uremia)

Endometrial priming 
by progesterone

Present Absent

Menstrual cycles Normal Irregular to absent
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with CKD and irregular menstrual cycles or 
amenorrhea remain limited [10].

Due to reduced clearance, plasma endorphin 
levels are also elevated in women with 
CKD. Similar to prolactin, endorphins block the 
pulsatile hypothalamic surge of GnRH leading to 
loss of the cyclic release of FSH and LH and ovu-
lation in premenopausal women with 
CKD. Leptin, a small peptide hormone produced 
by adipose tissue, is also predominantly cleared 
by the kidneys. Increased circulating levels of 
leptin in CKD [14] may also be a contributing 
factor for loss of the pulsatile hypothalamic 
secretion of GnRH. Leptin influences the matura-
tion of the GnRH pulse generator [15] which 
facilitates the rapid pulsatile release of large 
amounts of GnRH leading to LH surge.

As a result of the abnormal cycling of LH, 
estradiol, and progesterone, altered endometrial 
morphology is present in majority of women 
receiving maintenance dialysis with normal 
endometrial morphology seen in only 20% [5]. In 
a study that included 40 women aged 18–45 years 
receiving maintenance dialysis with endometrial 
biopsies, 30 out of the 40 women reported men-
ses, but only half of the women stated the menses 
was normal [5]. The other ten women with CKD 
reported complete absence of menses, and these 
women with amenorrhea had substantially lower 
mean estradiol levels (25.6 ± 21.8 pg/ml) com-
pared to mean estradiol levels in the entire group 
of 40 women (63.9 ± 42.1 pg/ml) or compared to 
20 women with normal menses (95.9 ± 43.1 pg/
ml). Among women with normal or abnormal 
menses, 36% had proliferative changes in the 
endometrium, while atrophic changes were noted 
among the ten women with amenorrhea. The 
reactivity of the endometrium to circulating 
estrogens appears to remain intact in premeno-
pausal women with amenorrhea receiving main-
tenance dialysis. In a small study of 13 
dialysis-dependent women aged 18–45  years 
with amenorrhea and serum estradiol levels 
<30 pg/ml, treatment with transdermal estradiol 
with cyclic addition of norethisterone acetate, a 
steroidal progestin, induced regular menses [16].

Kidney transplantation generally restores nor-
mal menstrual cycles and fertility [17–21]. 

Resumption of menses occurs in over 70% of 
premenopausal women with amenorrhea after 
receiving a kidney transplant, but it may take 
over 6 months before menses returns and cycles 
normally [17, 22]. The restoration of menstrual 
cycles after kidney transplantation varies by sev-
eral factors including age at CKD onset and at 
kidney transplantation, hemoglobin level at the 
time of discharge after kidney transplantation, 
and dose of prednisone at 6 and 12  months 
posttransplant.

 Premature Ovarian Failure (POF)

The diagnosis of premature ovarian failure is 
made when women less than age 40 years have 
abnormal menstrual cycles with FSH concentra-
tions in the range of normal values for a meno-
pausal state [23]. The risk of POF in women with 
CKD exposed to cyclophosphamide may be up to 
14-fold higher compared to the general popula-
tion. Women with glomerulonephritis (GN) are 
especially at risk for POF because this group can 
have both CKD and prior cyclophosphamide 
exposure. In a review of the effects of cyclophos-
phamide on ovarian function in women with 
breast cancer, the average cumulative dose among 
women experiencing amenorrhea was 5.2  g for 
women in their 40s and 9.3 g for women in their 
30s [24]. Age at the time of exposure and cumu-
lative dose of cyclophosphamide are both major 
determinants of POF risk. While the suggested 
cumulative cyclophosphamide dose for induction 
therapy for lupus nephritis has decreased to 3 g 
since publication of the 2002 Euro-Lupus clinical 
trial [25], the cumulative cyclophosphamide dose 
among women with non-lupus forms of GN con-
tinues to be high because 1.5–2  mg/kg/day of 
oral cyclophosphamide is generally used for sev-
eral months for treatment [26, 27]. Regardless of 
the limited data on POF risk, premenopausal 
women must be counseled about the potential 
risks of POF before initiating cyclophosphamide 
treatment and the potential benefits of blocking 
ovulation with use of GnRH analogs [28–30]. 
The mechanism by which GnRH analogs prevent 
ovarian dysfunction remains controversial but 
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includes the induction of a prepubertal state by 
shutting down the hypothalamic-pituitary axis 
and the reduction of ovarian blood flow with min-
imization of the amount of cyclophosphamide 
reaching the ovaries [28]. A meta-analysis on 
ovarian preservation by GnRH agonists during 
chemotherapy for cancers and autoimmune dis-
eases reported a 68% increased rate of preserved 
ovarian function compared to women not receiv-
ing GnRH agonists [28]. However, GnRH ago-
nists are not routinely used in clinical practice in 
premenopausal women receiving cyclophospha-
mide for kidney disorders.

 Infertility in Women with CKD

Fertility rates decline proportionately with 
increasing CKD severity, but the stage of CKD at 
which infertility becomes irreversible has not 
been determined and may vary substantially by 
patient demographics. Estimates of the frequency 
of conception in patients receiving maintenance 
dialysis range from 0.3% to 1.8% per year [31–
33]. However, the frequency of conception in 
women receiving nocturnal maintenance dialysis 
is much higher at 15.6% per year [34]. Fertility 
improves markedly and quickly after transplanta-
tion. In a study that looked into hormonal profile 
and fertility rates pre- and posttransplantation in 
premenopausal women, LH, FSH, and estradiol 
levels normalized within 3–4 months after a suc-
cessful kidney transplant with conception 
achieved in 17 out of 21 women in a 3-year fol-
low- up period [21].

Restoration of fertility in women with moder-
ate to severe non-dialysis-dependent CKD should 
be discouraged due to risk of progression of kid-
ney disease. Data suggest that pregnancy may 
incite a rapid decline in glomerular filtration rate 
if the prepregnancy serum creatinine exceeds 
>1.4 mg/dl and/or urine protein excretion exceeds 
1 g/day [35, 36]. The mechanisms by which preg-
nancy accelerates progression in moderate to 
severe kidney disease have not been fully eluci-
dated. Whatever the mechanisms, pregnancy 
exerts adverse effects only after a critical amount 
of glomerular filtration rate has been lost regard-

less of the cause of CKD. Once glomerular filtra-
tion rate declines during pregnancy, it cannot be 
predictably reversed, even by terminating the 
pregnancy via abortion or early delivery. Women 
with a pregnancy-related decline in glomerular 
filtration rate account for approximately 20% of 
women dialyzed during pregnancy [37]. Thus, 
women with stage 3–5 non-dialysis-dependent 
CKD should be encouraged to use birth control. 
Should a woman with CKD conceive, the com-
plications of pregnancy are higher than the risks 
associated with use of oral contraceptive pills if 
low-dose estrogen pills are used. Studies suggest 
that oral contraceptives increase the risk of CKD 
progression [38–41], which may be related to 
increased blood pressure. Use of oral contracep-
tive drugs may also increase the risk of thrombo-
embolic disease, and this may be heightened in 
patients with CKD. The venous thrombosis risks 
cannot be avoided with use of the transdermal 
patch. Intrauterine devices (IUD) may provide a 
useful alternative to oral contraceptives, which 
hold important risks for women with CKD. The 
infection risks associated with IUDs for contra-
ception do not appear to differ in women with 
CKD or in women who have received a kidney 
transplant compared to healthy women [42, 43]. 
The efficacy for pregnancy prevention with an 
IUD also does not appear to be affected by CKD 
status.

 Early Menopause and Long-Term 
Effects

Menopause, the permanent cessation of men-
strual periods, is clinically defined as the absence 
of menstrual cycles for at least 12 months. The 
median age of menopause onset in the general 
population is 51–52 years, but menopause onset 
in women with CKD begins at younger ages. 
The overall median age of menopause onset in 
women with CKD is about 4 years earlier than 
healthy women and ranges from 46 to 48 years 
[3, 44]. Early menopause in CKD likely occurs 
due to disruption of the hypothalamic-pituitary 
axis and from accelerated aging of the ovaries 
from uremic toxins, oxidative stress, and persis-

K. Vellanki and H. Kramer



133

tent inflammation. In healthy women, meno-
pause is frequently accompanied by vasomotor 
symptoms called “hot flashes” or brief periods of 
intense warmth over the upper body with sweat-
ing and often followed by a chill sensation. Hot 
flashes are usually transient with less than 15% 
of women in the general population reporting 
hot flashes to occur for more than 5 years after 
menopause onset. Women with CKD, however, 
are less likely to have such vasomotor symptoms 
than women without CKD.  In the 17,891 post-
menopausal women from the multiethnic 
Women’s Health Initiative cohort, women with 
mild CKD (mean eGFR of 50  ml/min) had 
younger age of menopause onset but were also 
less likely to self- report hot flashes and night 
sweats than women without CKD (38% vs 46%, 
respectively). Although the frequency of severe 
vasomotor symptoms was not significantly dif-
ferent between women with and without CKD, 
persistent symptoms were less frequent in 
women with CKD [45].

In the general population, the risk of cardio-
vascular disease (CVD) increases after meno-
pause, possibly due to loss of the protective effect 
of estrogen on lipids and vascular function. 
Accelerated CVD is characteristic of CKD, and 
the impact of earlier onset of menopause for 
CVD risk remains poorly explored. Menopausal 
women receiving dialysis have very low estradiol 
levels compared to the general population. Low 
estradiol levels are associated with Caucasian 
race and low body mass index but not with 
dialysis- related factors [46].

Bone loss during the perimenopausal period 
has been well documented in the general popula-
tion [47–49] but not among women with 
CKD. The CKD state is usually accompanied by 
abnormal levels of calcium, phosphate, parathy-
roid hormone, and vitamin D, all of which may 
adversely impact bone health [50]. Disentangling 
osteoporosis due to menopause from the broad 
spectrum of metabolic disorders in CKD which 
may impact bone volume and density is extremely 
important as management differs vastly. The 
World Health Organization (WHO) classification 
of bone mineral density (BMD) measured by 
dual-energy X-ray absorptiometry (DEXA) was 

based upon fracture risk in healthy postmeno-
pausal women [51]. Thus, the WHO classifica-
tion system for normal and abnormal BMD for 
assessment of fracture risk may not be applicable 
to women with CKD. DEXA measures attenua-
tion through the body tissues of low doses of 
X-ray, allowing the determination of both bone 
mineral content and bone area, from which BMD 
is calculated. Among patients receiving mainte-
nance hemodialysis, DEXA of the lumbar spine 
often overestimates BMD as measured by bone 
histomorphometry [52]. Hence, existing guide-
lines do not recommend the routine testing of 
BMD in patients with CKD stages 3–5 [53]. 
Bone biopsy remains the gold standard for estab-
lishing the type and degree of any bone disease in 
patients with stage 3–5 CKD, since no single or 
combination of biochemical parameters accu-
rately diagnose bone disease among this popula-
tion. Due to the invasive nature and need for 
histologic expertise, bone biopsies in patients 
with CKD are rarely performed in clinical prac-
tice which markedly limits interventions for bone 
disease. While bisphosphonates are routinely 
used for management of osteoporosis in adults 
without CKD, their use is generally contraindi-
cated when eGFR is below 30 mL/min/1.73 m2. 
Pooled data from post hoc and retrospective anal-
yses report increased BMD and decreased verte-
bral fracture risk with alendronate and risedronate 
in women with non-dialysis-dependent CKD 
compared to a placebo [54, 55]. However, to date, 
no clinical trial has examined bisphosphonate 
therapy and bone fractures risk specifically in 
postmenopausal women with CKD.

The effect of the selective estrogen receptor 
mediator raloxifene on BMD has been reported in 
women with CKD in several studies. In a post hoc 
analysis of a randomized placebo controlled trial 
of raloxifene in 7705 postmenopausal women 
with osteoporosis, the effects of raloxifene on the 
rate of BMD loss, fracture incidence, and adverse 
events by CKD stage were examined over a 3-year 
follow-up period [56]. Women were randomly 
assigned to receive one of the three treatments: 
placebo or 60 and 120 mg/day of oral raloxifene. 
All women were also given daily supplements of 
500 mg of calcium and 400 to 600 IU of vitamin 
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D.  The study population was divided into three 
groups based on creatinine clearance (CrCl) using 
the Cockcroft-Gault formula (CrCl <45, 45 to 59, 
and ≥60 ml/min). Raloxifene increased BMD at 
both the hip and the spine and reduced the risk for 
vertebral fractures among individuals with and 
without CKD.  Hip BMD showed the greatest 
increase with raloxifene use among women with 
mild to moderate CKD. However, only 55 women 
in the study had CKD stage 4 or higher. In addi-
tion, women with elevated parathyroid levels and 
low vitamin D levels, common among adults with 
CKD, were excluded from the study. A significant 
improvement in BMD at the lumbosacral spine 
with 1-year use of raloxifene has been reported 
in postmenopausal women receiving mainte-
nance hemodialysis [57]. Raloxifene is not gen-
erally used in women with CKD.  Long-term 
clinical studies are needed to accurately charac-
terize the benefits vs. risks in postmenopausal 
women with CKD.

 Hormone Replacement Therapy 
in CKD

The use of hormone replacement therapy in post-
menopausal women in the general population has 
become increasingly controversial. The Women’s 
Health Initiative clinical trial of estrogen with 
progestin was stopped early after a mean of 
5.6  years of follow-up. While use of estrogen 
plus progestin was associated with significantly 
lower rates of hip fracture and colorectal cancer, 
incidence of venous thromboembolic events, 
stroke, and breast cancer were all higher in the 
estrogen plus progestin group vs. placebo [58]. 
The Heart and Estrogen/Progestin Replacement 
Study (HERS), a large randomized trial that 
included menopausal women with established 
cardiovascular disease, excluded women receiv-
ing maintenance dialysis, but 40% of the study 
population had non-dialysis-dependent CKD 
[59]. No significant difference in cardiovascular 
outcomes or mortality was noted between the 
treatment and placebo arms regardless of base-
line CKD status [60]. In 1 small study of 11 post-
menopausal women on dialysis, treatment with 

estradiol for 5 weeks increased high-density lipo-
protein cholesterol and ApoA-I levels with no 
change in total cholesterol, low-density lipopro-
tein cholesterol levels, lipoprotein A, or triglycer-
ides [61] levels. Currently, given the imbalance 
between risks and benefits of estrogen replace-
ment therapy, hormone replacement therapy 
(HRT) with estrogen is recommended for treat-
ment of menopausal symptoms alone and not for 
primary or secondary prevention of cardiovascu-
lar events as per the North American Menopause 
Society guidelines [62, 63]. Treatment for meno-
pausal symptoms should also be brief and indi-
vidualized to patient symptoms.

 Sexual Dysfunction in Women 
with CKD

Sexual dysfunction is highly prevalent in women 
with advanced CKD, especially among women 
receiving maintenance dialysis. Vaginal symp-
toms such as dryness and itching and dyspareu-
nia may occur in one out of every three women 
during the menopause transition alone. However, 
after several years of menopause, vaginal symp-
toms will occur in one out of every two women 
[64]. Vaginal symptoms appear to be more com-
mon in menopausal women with CKD compared 
to the general population, but studies are very 
limited [65]. The low estrogen levels in women 
with CKD lead to low libido, vaginal dryness, 
dyspareunia, and overall reduced sexual func-
tion. In a multinational cross-sectional study on 
women receiving maintenance hemodialysis, 
84% of 659 women reported sexual dysfunction 
[66]. Sexual dysfunction was independently 
associated with age, depressive symptoms, less 
education, menopause, diabetes, and diuretic 
therapy. While sexual dysfunction is common 
among women with CKD, most affected women 
will never discuss this problem with health-care 
providers [67]. The prevalence of sexual prob-
lems is lower among adults with a successful 
 kidney transplant but higher compared to the 
general population [19, 68].

Currently, there are no tested treatment options 
for sexual dysfunction in women with 
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CKD.  Estrogen supplementation may improve 
sexual function in those patients with low circu-
lating estradiol levels, but studies addressing the 
safety and efficacy of estrogen supplementation 
in women with CKD are lacking. Prior to the 
Women’s Health Initiative trial, HRT use was 
20% among women receiving maintenance dial-
ysis [44] but is likely lower now given the results 
of the Women’s Health Initiative [58].

Because CKD alters the pharmacokinetics of 
estrogen metabolism, the dose of estrogen 
replacement should be reduced by 50–70% in 
patients with CKD as renal failure alters the phar-
macokinetics of estrogen [69]. Estrone sulfate, an 
estrogen conjugate derived from the liver, is the 
primary circulating form of estrogen in humans. 
Plasma concentrations of estradiol, estrone, and 
estrone sulfate are dependent on the menopausal 
state [11]. Levels of estradiol and estrone are 
lower in postmenopausal than premenopausal 
women with the ratio of estradiol to estrone being 
lower as well. The concentrations of estrone 
exceed estradiol concentrations when estrogen is 
administered orally, whereas the opposite occurs 
with the transdermal administration of estrogen. 
Both estrone and estradiol, being highly protein 
bound, are not removed by hemodialysis [70]. 
Free and total estradiol plasma concentrations are 
overall low in women with ESRD [46], but levels 
of both free and total estradiol levels will be 
higher after an oral estradiol dose in this popula-
tion compared to healthy women. Measuring 
estradiol levels in women with CKD receiving 
HRT may be of value as their side effects could 
be related to high blood concentrations of estra-
diol and not the actual dose.

In conclusion, kidney disease is associated 
with a disruption of the hypothalamic-pituitary 
axis leading to irregular menses, low estrogen 
levels, and reduced fertility. Due to the cardiovas-
cular and thrombosis risks associated with oral 
contraceptives, intrauterine devices may be a safe 
alternative for contraception in premenopausal 
women with CKD. Menopause onset is usually 5 
years earlier in women with CKD, but vasomotor 
symptoms accompanying the menopausal transi-
tion appear to be less severe in this population. 
Counseling women on reasons for menstrual 

irregularities, infertility, sexual dysfunction, and 
early menopause may help women with CKD 
cope with these symptoms which greatly impact 
their overall quality of life [71].
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Pregnancy in Kidney Disease

Madeleine V. Pahl

 Introduction

Chronic kidney disease (CKD) has become a 
healthcare epidemic with increasing incidence 
and prevalence rates reported internationally. It is 
estimated that approximately 3% of childbearing 
age women have CKD stages 1–2 [1] and 0.7% 
have CKD stages 3–5 [2]. Although clear sub-
stantiating data is not available, it is the percep-
tion of the renal community that pregnancy rates 
in CKD, particularly in the later stages of CKD, 
are less frequent when compared to the rates 
seen in women with normal renal function, and 
when pregnancies occur, they are considered to 
be high risk. The magnitude of this risk, however, 
is unclear. This is because most studies are small, 
do not report important outcomes such as mater-
nal death, and include pregnancies in women 
with varying degrees of CKD caused by different 
underlying disorders with different comorbidi-
ties. This chapter will review the maternal and 
fetal outcomes in varying stages of CKD includ-
ing end-stage kidney disease (ESKD) and discuss 
management recommendations.

 Fertility in CKD

Fertility is reduced in women with CKD. This is 
likely the result of altered complex pathophysi-
ologic changes compounded by the effects of 
medications, depression, fatigue, anemia, and 
the overall burden of chronic illness on libido. 
Gonadal abnormalities that result in menstrual 
irregularities and anovulatory cycles are com-
mon, occur early in the course of CKD, and tend 
to progress after the initiation of renal replace-
ment therapy. Menstrual cycle irregularities begin 
in women with CKD stages 4–5 and progress to 
amenorrhea at glomerular filtration rates (GFR) 
below 5 ml/min [3–5]. In fact, 42–75% of pre-
menopausal women maintained on hemodialy-
sis report menstrual irregularities [6]. Although 
the pathogenesis of these abnormalities has not 
been extensively studied, altered hypothalamic- 
pituitary-ovarian hormonal patterns have been 
reported in women with CKD.  In pre-meno-
pausal, normal women, a sustained midcycle 
increase in estradiol causes an increase in hypo-
thalamic secretion of gonadotropin- releasing 
hormone (GnRH). This hormone then stimulates 
the pituitary gland to increase luteinizing hor-
mone (LH) secretion, and, with an increase in 
progesterone and estradiol, follicle- stimulating 
hormone (FSH) levels increase. This hormonal 
pattern leads to normal ovulation and menstrua-
tion. In the majority of pre-menopausal women 
with CKD, the positive feedback  mechanism of 

M. V. Pahl 
Division of Nephrology and Hypertension,  
University of California Irvine School of Medicine, 
Orange, CA, USA
e-mail: mpahl@uci.edu

11

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97765-2_11&domain=pdf
mailto:mpahl@uci.edu


140

estradiol on the hypothalamus is blunted. The 
midcycle surge of LH and FSH is impaired, and 
reduction levels of progesterone are observed 
[7–9]. Estradiol levels may be normal in women 
with earlier stages of CKD in the follicular phase, 
but reduced midcycle peaks are observed [8]. By 
the late stages of CKD stage 5, women main-
tained on hemodialysis demonstrate extremely 
low estradiol levels [10]. Additionally, hyperp-
rolactinemia is present in approximately 70% of 
women with CKD adding to the hormonal imbal-
ances that can contribute to menstrual irregulari-
ties. This common abnormality is likely due to 
a combination of factors including reduced renal 
clearance, increased secretion by the anterior 
pituitary, and anterior pituitary resistance due 
to the downregulatory effects of dopamine [11, 
12]. In addition to the menstrual abnormalities 
that result in infertility, menopause occurs at 
a younger age among women with CKD.  The 
median age of menopause is 50–51 years in nor-
mal women but 47  years among women with 
CKD [13].

Anti-mullerian hormone (AMH) levels are 
currently used by infertility experts to determine 
ovarian reserve. AMH is a member of the trans-
forming growth factor (TGF)-beta family that is 
expressed by the small preantral and early antral 
follicles of the ovary. AMH levels reflect the size 
of the follicle pool and are considered biomark-
ers of ovarian function. They gradually decline 
with age and are undetectable at menopause. In 
women with normal renal function, very low lev-
els are associated with reduced ovarian reserve. 
A recent study of women with CKD revealed 
significantly lower serum AMH concentrations 
in regularly menstruating CKD women on hemo-
dialysis when compared to healthy controls [14]. 
Interestingly, serum AMH concentration was 
higher in hemodialysis women with irregular 
menstrual cycles, similar to reports in the general 
population that identified increased serum AMH 
concentrations in women with irregular menses 
and polycystic ovaries syndrome or hyperan-
drogenism [15].

These abnormalities in the pituitary-gonadal 
hormones have been documented to improve 
3–6 months after kidney transplantation [16] 

and after the conversion to intense, daily hemo-
dialysis [17], suggesting they are reversible with 
improved management of CKD.

 Pregnancy in CKD

 Epidemiology

Rates of pregnancy in CKD are difficult to deter-
mine. There are no available studies that have 
systematically investigated this issue. However, 
most experts consider CKD a disorder that 
reduces fertility which results in reduced preg-
nancy rates. Additionally, given the maternal and 
fetal risks associated with CKD, many women 
may choose to avoid pregnancy. In spite of these 
observations, pregnancy is becoming more com-
mon in women with CKD [18]. Earlier studies 
reported prevalent rates of pregnancies from 
0.1% to 1% [19], but recently, it has been esti-
mated to be closer to 3% [1].

 Maternal Outcomes

In women with CKD, pregnancy can result in a 
variety of maternal and fetal complications. This 
section will address the effects of pregnancy on 
the mother’s underlying kidney disease and pos-
sible effects on morbidity and mortality.

The effect of pregnancy on renal function has 
been debated for decades, and several series have 
tried to address this issue. Most studies have 
noted that while renal function may decline as 
a result of the gestation in those with advanced 
CKD, in women with preserved renal function, 
pregnancy may have little effect on the course of 
the renal disease. When renal progression does 
occur, it is unclear whether these changes reflect 
the natural history of the underlying renal dis-
ease or the effects of the pregnancy. However, 
whether the clinical findings of increasing pro-
teinuria and reduced GFR represent worsening 
of the underlying renal disorder or the develop-
ment of pregnancy- associated complications, 
these risk factors need to be understood and 
addressed.
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In women with CKD stages 1–2, pregnancy 
has been reported to result in progression of 
CKD in 0–10% of cases. Jungers et al. reported 
the effect of pregnancy in a group of 360 women 
with CKD and compared the outcomes of the 
171 who became pregnant to those who did not 
conceive. An actuarial analyses of the data after 
a follow-up period of up to 30 years revealed no 
differences in renal survival in those who became 
pregnant compared to those who did not. While 
pregnancy was not identified as a risk factor for 
progression to ESKD, the presence of hyperten-
sion was a major determinant [20]. Similarly, oth-
ers have reported low rates of permanent decline 
in renal function in women with serum creatinine 
(Cr)  <  1.4  mg/dl [21, 22]. Katz et  al. reported 
increased hypertension in 23% and progression 
of proteinuria in 68% of 121 pregnancies in 89 
women. Increases in serum Cr were seen in 16% 
but resolved postpartum in most cases. Follow-up 
of 3 months up to 23 years identified a permanent 
but minimal reduction of renal function in five 
women and progression to ESKD in five [22]. 
A recent meta-analysis of 8 cohort studies and 
1268 combined cases of pregnant women with 
early stages of CKD further revealed little risk 
for progression of renal disease [23]. However, 
since most reported cases had preserved GFR 
complicated only with albuminuria, the findings 
appear applicable only to those women with nor-
mal baseline renal function, consistent with the 
previous reports.

The outcome appears to be different in women 
with moderate CKD. Jones et al. [24] reviewed 
the outcomes of 82 pregnancies in 67 women 
and noted that the mean serum Cr increased from 
1.9 mg/dl in early pregnancy to 2.5 mg/dl in the 
third trimester. They observed pregnancy-related 
loss of renal function in 43%. In 10% of these 
cases, the pregnancy was associated with pro-
gression to ESKD 12  months postpartum with 
the highest risk among those with initial serum 
Cr of >2.0 mg/dl. In women with a serum Cr of 
>1.6 mg/dl, Bear et al. [25] reported a higher fre-
quency in the decline of renal function when com-
pared to those with serum Cr < 1.6 mg/dl. Hou 
et al. [26] noted increases in serum Cr of >1 mg/dl  
in 8 out of 23 pregnant women with moderate 

renal insufficiency during gestation and 6 months 
postpartum. Imbasciati et al. noted that 5 out of 
18 pregnant women with creatinine clearance of 
<40  ml/min developed more rapid progression 
of their disease than expected during gestation 
or immediately postpartum [27]. More recently, 
these same authors reported their findings on a 
larger cohort of 49 women with preconception 
mean serum Cr 2.1 mg/dl and GFR of 35 ml/min. 
While the mean GFR dropped to 30 ml/min after 
delivery, the rate of GFR decrease did not change 
significantly from prepartum values. Factors that 
were associated with faster GFR loss and shorter 
time to dialysis therapy included the combination 
of a baseline GFR < 40 ml/min and proteinuria 
>1 g/day [2]. Piccoli et al. reported progression 
of CKD in 9.3% of her large cohort of preg-
nant women. Progression to a higher CKD stage 
and/or initiation of renal replacement therapy 
occurred in 7.6% of the cases with CKD stage 1 
(28 out of 370 pregnancies), 12.6% of those with 
CKD stage 2 (33/87 pregnancies), 16.2% of those 
with CKD stage 3 (6/37 pregnancies), and 20% in 
those with CKD stages 4–5 (2/10 pregnancies). 
They reported one patient with pre-existing CKD 
stage 5 who went on to require dialysis during 
pregnancy [1]. Most recently, the same group 
compared pregnancy outcomes in 504 pregnan-
cies in women with CKD to 836 low-risk preg-
nancies in women with normal renal function 
[28]. The authors reported risks of adverse out-
comes increased across all stages of CKD. New-
onset hypertension (HTN) was seen in increasing 
percentage of cases with progressive CKD (7.9% 
in CKD stage 1, 17.6% in CKD stage 2, 47.1% 
in CKD stage 3, 50% in CKD stages 4–5), and 
new-onset or doubling of proteinuria was noted 
in 20.5% of those with CKD stage 1, 37.9% in 
CKD stage 2, 86.5% in CKD stage 3, and in 
70% of those with CKD stages 4–5. The median 
for follow-up time for renal events was 5 years 
(interquartile range, 5–14.7  years). There was 
an increasing trend that did not reach statistical 
significance in the occurrence of renal events 
between CKD pregnant women and those with-
out pregnancy (OR, 0.96; 95% CI, 0.69–1.35). 
Subgroup analysis showed that publication year, 
sample size, follow-up years, type of primary 
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disease, CKD classification, level of serum Cr at 
baseline, proteinuria, and level of systolic blood 
pressure did not modify the renal outcomes. In 
summary, most reports confirm that in women 
with CKD stages 1–2, pregnancy may have little 
effect on the progression of CKD, but with more 
advanced CKD, pregnancy carries a risk of reduc-
tion of renal function that can be irreversible.

The effects of CKD on pregnancy-related 
complications of HTN, proteinuria, and pre-
eclampsia are more consistently reported. 
Most reports note that HTN and proteinuria are 
increased during pregnancy. However, whether 
this reflects progression of renal disease, the 
effect of the gestation, or the presence of super-
imposed preeclampsia is unclear. Preeclampsia 
rates are likely increased, particularly in women 
with advanced stages of CKD. However, a defini-
tive diagnosis of preeclampsia can be difficult 
in this population, and thus rates may be subject 
to significant variability. The classic features 
of HTN and increasing proteinuria may reflect 
progression of renal disease and/or the effects 
of the gestation on renal parameters rather than 
the presence of superimposed preeclampsia. 
Thrombocytopenia and abnormal liver func-
tion tests may facilitate the diagnosis but are not 
always present in established cases. Some large 
observational studies have reported changes in 
blood pressures or progression of proteinuria 
rather than rates of preeclampsia. These compli-
cations are relatively common with increases in 
proteinuria being reported in approximately half 
of the cases and development of HTN in about 
one-quarter.

In a meta-analysis of 13 cohort studies, women 
with CKD were more likely to develop HTN, 
preeclampsia, eclampsia, or death [29]. The 
authors identified 312 adverse maternal events in 
2682 pregnancies (weighted average of 11.5%) 
compared with 500 events in 26,149 pregnancies 
in normal healthy women (weighted average of 
2%). Similarly, in a larger systematic review of 
23 studies (14 with data for adverse pregnancy 
outcomes and 9 for renal outcomes) with 506,340 
pregnancies, the authors confirmed that CKD had 
greater odds of preeclampsia (odds ratio of 10.36) 
particularly in those with nondiabetic nephropa-
thy and proteinuria [23]. Interestingly, in a study 

that included renal biopsy data, only 7 out of 13 
women with CKD that were clinically diagnosed 
with superimposed preeclampsia (including one 
diagnosed with eclampsia) had the characteristic 
glomerular lesions of preeclampsia, thus con-
firming the suspicion that the diagnosis of pre-
eclampsia cannot be made with certainty in the 
face of CKD [22].

Cesarean section rates are not frequently 
reported but appear to be increased in women 
with CKD. Kendrick [30] noted a 33% increased 
odds of delivery by Cesarean section in a large 
American cohort of women with CKD when 
compared to those with normal renal function. 
An Italian group reported Cesarean sections in 
54.8% of the women with CKD compared with a 
rate of 27.2% in normal women [28].

Although previous data suggested rates of 
maternal deaths may have been increased in preg-
nant women with CKD, a recent retrospective 
review of a large electronic health data system 
failed to confirm these findings [30]. The authors 
reviewed the outcomes of 778 pregnancies 
from women with CKD and compared them to 
778 pregnancies in women without CKD. They 
noted no increases in hospital stays or maternal 
mortality.

 Obstetrical and Fetal Outcomes

Many observational reports have reported adverse 
obstetric and fetal outcomes in pregnant women 
with varying stages of pre-dialysis CKD.  Katz 
et al. reported on the outcomes of 121 pregnan-
cies in women with CKD and noted that pre-
term delivery occurred in 20% and intrauterine 
growth retardation in 24%. Infant survival was 
reported to be 89% [22]. Most recently, Nevis 
et al. conducted a systematic review of 13 reports 
that included at least 5 pregnant women with 
CKD.  Only five studies reported serum Cr lev-
els which ranged from 0.8 to 4.61 mg/dl. There 
were 312 adverse maternal events among 2682 
pregnancies in women with CKD (weighted 
average of 11.5%) compared with 500 events in 
26,149 pregnancies in normal healthy women 
(weighted average of 2%). The risks for adverse 
fetal outcomes, such as premature births, intra-
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uterine growth restriction, small for gestational 
age, neonatal mortality, stillbirths, and low birth 
weight were at least two times higher among the 
women with CKD.  The frequency of preterm 
delivery was significantly higher among women 
with CKD (13 vs. 6%) with an odds ratio of 5.72. 
Intrauterine growth restriction was seen in 5% 
of those with CKD compared with none of the 
women with normal renal function, and small 
for gestational age babies were reported in 14% 
of women with CKD vs. 8% of normal women. 
The authors calculated an odds ratio for small 
for gestational age/low birth weight in CKD of 
4.85. Stillbirths were also increased in women 
with CKD and reported in 5% of the pregnancies 
compared with 2% in those with normal renal 
function [29].

Using data from an integrated healthcare deliv-
ery system, Kendrick et al. identified 778 women 
with ICD-9 codes or National Kidney Foundation 
Kidney Disease Outcomes Quality Initiative defi-
nition for CKD (serum Cr > 1.2 mg/dl or protein-
uria in the first trimester) and matched controls 
from a pool of 74,105 women. Compared with 
women without kidney disease, those with CKD 
had a 52% increased odds of preterm delivery 
with a twofold increase in infants with low birth 
weights. These infants had a 71% increased odds 
of admission to neonatal intensive care units or 
death [30].

 General Management and Blood 
Pressure Control

Management of pregnant women with CKD 
requires a multidisciplinary approach that 
includes nephrologists and obstetricians experi-
enced in high-risk pregnancies. Initial evaluation 
must include thorough review and discontinua-
tion of prescribed medications that are known to 
affect the fetus such as inhibitors of the renin- 
angiotensin system, statins, and some immuno-
suppressive drugs such as cyclophosphamide 
and mycophenolate mofetil. Management should 
include increased frequency of prenatal visits, 
screening and treatment of asymptomatic bacte-
riuria, serial monitoring of renal function, fetal 
surveillance with ultrasound and fetal heart 

rate monitoring, and appropriate treatment of 
HTN. Management of blood pressure is critical as 
fetal survival is lower when HTN is uncontrolled 
[31] and is often directed by the nephrologist.

Antihypertensive regimens and blood pres-
sure targets in pregnancy are much debated, and 
little information is available on women with 
CKD. Pharmacologic therapy needs include a 
consideration of the risk-benefit ratio of treat-
ment with the potential effects of drug exposure 
on the fetus. While most antihypertensive agents 
cross the placenta, clinical experience with sev-
eral agents has led to their common use in preg-
nancy. Alpha-methyldopa has been shown to be 
safe in pregnancy [32]. However, in women with 
CKD, this agent is often inadequate to control 
blood pressure at doses that are not associated 
with significant side effects. Labetalol, the dual 
alpha, beta-adrenergic blocker, is frequently used 
because of its rapid onset of action and tolera-
bility. It has been shown to be safe in pregnancy 
[33] and has not been reported to cause neona-
tal bradycardia, intrauterine growth restriction, 
hypoglycemia, and the respiratory depression 
associated with beta-blockers. Among the cal-
cium channel blockers, long-acting nifedipine 
has the widest use due to its minimal effect on 
uteroplacental flow, but non-dihydropyridine 
agents and amlodipine have also been used with 
limited data on their safety [34]. Oral hydralazine 
use as a single agent to control blood pressure 
has long been known to be poorly effective. It 
results in reflex tachycardia and fluid retention 
and thus should be added on to existing regimens. 
In a recent meta-analysis, hydralazine was shown 
to be associated with slightly higher adverse 
outcomes when compared with labetalol, yet it 
remains a commonly used agent [35]. Diuretic use 
is controversial, and most clinicians avoid their 
inclusion in blood pressure regimens because of 
concerns for intravascular volume depletion. In 
patients with CKD and volume overload how-
ever, judicious use of loop diuretics appears to 
be reasonable. Clonidine is not frequently used 
but has been successfully added to those who 
cannot achieve blood pressure control. Renin-
angiotensin system inhibitors such as angioten-
sin-converting enzyme inhibitors and angiotensin 
receptor blockers are avoided during pregnancy 
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because they can result in oligohydramnios, fetal 
kidney dysplasia, and pulmonary hypoplasia in 
the second and third trimester. First trimester use 
was thought to increase the risk of cardiovascular 
and neurologic abnormalities, but recent studies 
have questioned this association and suggest the 
anomalies are associated with the hypertension 
itself [36]. Some experts have suggested that the 
use of these renal protective agents be continued 
up to the first 8 weeks of pregnancy, but given the 
possible risks for fetal adverse events, it seems 
most reasonable at this time to transition to anti-
HTN medications with safer safety profile pre-
pregnancy during the planning stage or as soon as 
an unexpected pregnancy is detected.

There are no specific guidelines for blood 
pressure target levels in pregnant women with 
CKD. Earlier data suggested that in women with 
HTN, birth weight was slightly but significantly 
lowered in association with lowering of the mean 
arterial pressure with anti-HTN medications [37]. 
However, a recent meta-analysis of randomized 
studies of pregnant women with mild- moderate 
HTN and the results of the 2015 Control of 
Hypertension in Pregnancy Study (CHIPS) clini-
cal trial that assigned pregnant women with HTN 
to diastolic blood pressures of 85 vs. 100 mmHg 
revealed that there were no adverse fetal effects 
in those with lower blood pressures and episodes 
of severe HTN were avoided in women that were 
targeted to have lower blood pressures [38, 39]. 
Additionally, in the CHIPS post hoc analysis, 
severe maternal HTN was shown to be associ-
ated with lower infant birth weight, more preterm 
delivery, preeclampsia, and features of HELLP 
[40]. Thus, while there is no data in women 
with CKD, given these recent findings, it seems 
reasonable to target blood pressure control in 
women with pre-dialysis CKD to similar levels.

 Pregnancy in ESKD

 Epidemiology

ESKD has been previously described as a very 
effective means of contraception. However, 
emerging data confirm the clinical impression 

that pregnancy rates are increasing. Since the first 
report of pregnancy in dialysis patients in 1965 
[41], several series have reported rates that range 
from 1% to 7% of childbearing age women main-
tained of dialysis. The US Registry of Pregnancy in 
Dialysis Patients [42] reported rates of conception 
of 2.2% or 0.5% per year, and Souquiyyeh et al. 
noted rates as high as 7% in Saudi women [43]. 
The Australian-New Zealand Registry reported 
overall pregnancy rates of 2.0 per 1000 patient-
years (PY) from 1966 to 2008 but confirmed 
increases in the 1996 to 2008 period (3.3/1000 
PY vs. 0.54 and 0.67  in 1976–1985 and 1986–
1995) [44]. It has been suggested that improved 
dialysis management that includes maximization 
of dialysis prescription and anemia, blood pres-
sure, and volume control may be responsible for 
this observed increase. Dialysis modality may 
play a role in pregnancy rates. American women 
maintained on hemodialysis (HD) were noted to 
have rates of 2.2%, while those maintained on 
peritoneal dialysis (PD) had rates of 1.1% [42]. 
The reasons for these differences are unclear, but 
some have hypothesized that dialysate in the peri-
toneum may interfere with transport of the ovum 
to the fallopian tube and that episodes of perito-
nitis may result in adhesions that interfere with 
implantation.

 Maternal Outcomes

Maternal outcomes in pregnant women main-
tained on dialysis appear to be relatively good. 
No clear evidence of increased maternal mortal-
ity has been noted, including in a recent survey 
of US experiences over the last 5 years [45]. 
Preeclampsia appears to be a very common 
complication but as previously discussed a par-
ticularly difficult challenge to diagnose. Shahir 
et al. [44] reported preeclampsia rates of 19.4% 
in Australian/New Zealand women, and Luders 
et al. noted similar rates (19.2%) in their Brazilian 
population [46]. Sachveda et al. reported rates of 
44% obtained from the survey of 196 US nephrol-
ogists that cared for >187 pregnant women main-
tained on HD [45]. Given these alarming rates, 
clinicians must maintain a high level of suspicion 
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and carefully monitor patients for the presence 
of symptoms and signs of preeclampsia including 
visual changes, blood pressure increases, pres-
ence of fetal growth restriction, altered placen-
tal Doppler blood flows, and laboratory changes 
suggestive of HELLP.

Cesarean section rates are not readily available 
in many of the large series reporting outcomes in 
pregnant dialysis patients, but many caring for 
these patients note increased rates when com-
pared with normal women. Luders et al. reported 
an overall rate of 65% caesarian sections in their 
Brazilian population [46].

 Obstetric and Fetal Outcomes

Initial reports of fetal outcomes in women main-
tained on HD were very poor. The registry report 
from the European Dialysis and Transplant 
Association noted a 23% live birth rate [47], and 
subsequent US and Saudi data was only mini-
mally better with a live birth rates of 37% [43, 
48]. More recently, live birth rates have signifi-
cantly improved to levels of 87% [46]. From the 
earlier reports, it became clear that live birth rates 
were greater in those women who conceived with 
CKD stage 5 and then required dialysis when 
compared with those already maintained on 
dialysis when the pregnancy occurred, suggest-
ing a beneficial role of residual renal function and 
enhanced clearance [42, 46]. A summary of fetal 
outcomes from series with >20 patients is shown 
in Table 11.1.

Additional obstetric complications com-
mon in this population include polyhydram-
nios, intrauterine growth retardation, preterm 
labor, and delivery of low birth weight infants. 

Polyhydramnios has been reported between 30 
and 70% of cases and may respond to increased 
dialysis prescription [50]. Intrauterine growth 
retardation is commonly reported, and premature 
labor and small for gestational age babies are 
commonplace. Until recently, most babies born 
to women on dialysis had an average gestational 
age of 32  weeks and weights of <2000  g [51]. 
Similar findings of high rates of preterm deliv-
eries were noted in large series reviews. The 
Australian/New Zealand data revealed 53.4% 
babies were born preterm, 65% had low birth 
weight (<2500  g), and 35% had very low birth 
weight (<1500  g) [44]. Although the cause of 
these complications is unclear, it appears that the 
biggest risk factor for these adverse outcomes 
appears to be preeclampsia and uncontrolled 
HTN. In the large Brazilian series, severely pre-
mature babies were almost entirely confined to 
women with preeclampsia, with only 3 of the 42 
pregnancies without preeclampsia resulting in 
births before 30  weeks of gestation [46]. Most 
recently, a report from Toronto utilizing long, 
daily dialysis regimens describes six success-
ful pregnancies with a mean gestational age of 
36.2 weeks and a mean birth weight of 2417 g, 
suggesting dialysis prescription plays an impor-
tant role in favorable outcomes [52].

 Dialysis Management

Pregnant women maintained on dialysis require 
close, careful follow-up by a dedicated multispe-
cialty team that includes nephrologists, high-risk 
obstetricians, experienced dialysis and obstet-
ric nurses, and dietitians. Dialysis management 
includes close attention and appropriate adjust-

Table 11.1 Pregnancy rates and outcomes in hemodialysis and peritoneal dialysis in series with >20 cases

Site [reference] Pregnancy rate (%) Termination (%) Losses (%) Live births (%)
Europe 1980 [47] – 39 38 23
Saudi Arabia 1992 [43] 7 0 63 37
USA 1994 [48] 1.5 8 52 37
USA 1998 [42] 2.2 11 46 42
Japan 1999 [49] 3.4 19 24 49
Australia/New Zealand 1996–2008 [44] 15 30 55
Brazil 2010 [46] – – 13 87
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ment of the dialysis prescription including dose, 
type of dialyzers used, and adjustments of the 
dialysate composition. In addition, nephrologists 
must carefully adjust volume management, dry 
weight, blood pressure control, anemia man-
agement, mineral-bone metabolism parameters, 
nutrition requirements, and appropriate vitamin 
supplementation.

Increased duration and intensity of dialysis 
in pregnant women with ESKD has emerged as 
an important factor associated with improved 
fetal outcomes. Most experts suggest that after 
16–20  weeks of gestation, HD sessions should 
be increased to daily or six times a week. Initial 
reports from the US Registry data noted that in 
women dialyzed >20  h/week, 83% of the preg-
nancies were successful vs. 46% in those dialyzed 
<14 h/week, and these findings were confirmed in 
more recent updates [42, 53]. Others have reported 
similar findings with intensified HD prescrip-
tions. Haase et al. reported that in five pregnant 
women dialyzed with a mean weekly Kt/Vdp of 
9.6 ± 1.4 and urea reduction rate 54.8% ± 29.4%, 
there were no fetal losses, and a mean gestational 
age is 32.8  ±  3.3  weeks with birth weights of 
1765 ± 554 g [54]. Hladunewich et  al. reported 
improved outcomes in Canadian women dia-
lyzed for >36  h/week when compared to those 
reported in the US Registry and treated for <20 h 
(p  =  0.02). Birth rates were greater (86.4% vs. 
61.4%), and mean duration of pregnancy in the 
intensely dialyzed Toronto group was 36 weeks 
vs. 27 weeks in the US group [55]. This Canadian 
group had previously published their experience 
with a group of seven women managed with an 
average of 36 ± 10 h/week nocturnal HD. They 
increased treatment times during the pregnancy 
to a mean of 48 ± 5 h/week and reported excel-
lent outcomes with minimal complications. There 
were six live births, two babies were small for 
gestational age, and one was a preterm birth. The 
mean gestational age was 36.2 + 3 weeks, and the 
mean birth weight was 2417.5 + 657 g. One preg-
nancy was terminated because it was thought to 
be a molar pregnancy [52]. Blood urea nitrogen 
(BUN) levels of 50 mg/dl have also been identified 
as important targets to achieve favorable results. 
Asamiya et  al. reported a negative relationship 
with blood urea nitrogen (BUN) levels and birth 

weights and gestational age. Improved outcomes 
were observed with BUN levels of 48–49 mg/dl 
or less [56]. These observations have been largely 
translated into clinical practice; a recent survey 
of US experiences noted that most nephrologists 
prescribe 4–4.5 h of HD 6 days a week to their 
pregnant HD patients and that 66% target a BUN 
<50 mg/dl and 21% aim for a pre-dialysis BUN of 
<20 mg/dl [45].

Determination of dry weight during preg-
nancy can be a challenge and requires careful 
ongoing evaluation. During the first trimester, the 
weight gain is minimal and may only increase by 
1–1.5 kg. However, during the second and third 
trimesters, weights are expected to increase by an 
average of 0.5  kg/week and should be adjusted 
accordingly. It is critical however that careful 
clinical assessments with a focus on volume sta-
tus and blood pressure control be incorporated in 
the determination of the dry weight and ultrafil-
tration rates.

HTN is an extremely common problem in 
pregnant dialysis patients and in early series as 
many as 40% had BP > 170/110. The mainstay 
of treatment is judicious volume control targeted 
to an accurate dry weight. It is important to avoid 
aggressive ultrafiltration and maternal hypoten-
sion as it can result in fetal distress [57]. The 
use of antihypertensive agents follows the same 
approach as that outlined for women with CKD.

Anemia is a common problem among preg-
nant dialysis patients. In addition to the fac-
tors associated with anemia of CKD, one must 
account for the increased demands for red cell 
production during pregnancy required to support 
placental and fetal growth. As a result, erythro-
poietin (EPO) and iron requirements increase 
during pregnancy. To maintain targets of hemo-
globin of 10–11 g/dl, EPO doses are commonly 
increased by >50%. Although the safety of EPO 
and intravenous iron has not been established, 
these agents have commonly been used. EPO 
(molecular weight 30,400 daltons) is not expected 
to cross the placenta, and a small study in humans 
noted normal EPO levels and hematocrits in neo-
nates exposed to intrauterine exogenous EPO 
[58]. As in all treated patients, careful follow-up 
of complete blood counts and iron parameters is 
required to guide therapy.
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Measures of mineral-bone disease should be 
maintained as per Kidney Disease Outcomes and 
Qualities Initiative guidelines. Serum phospho-
rus levels may be easier to control given its incor-
poration into fetal skeleton and the increased 
dialysis times, and binder use should be adjusted 
accordingly. In those with very long dialy-
sis times with evidence of hypophosphatemia, 
supplements or addition of phosphorous to the 
dialysate may be required. Calcium requirements 
are increased in pregnancy, particularly in the 
third trimester. There appears to be no consensus 
regarding calcium concentration in the dialysate. 
Some have advocated increasing the concentra-
tion to 3.0 or 3.25 mEq/l [48, 52], while others 
have noted good outcomes with those dialyzed 
against a 2.5 mEq/l bath [54]. Monitoring of cal-
cium and avoiding hypo- and or hypercalcemia 
should be used to individualize treatment.

Active vitamin D preparations are usually 
continued. As the placenta can convert 25(OH) 
vitamin D to 1–25 (OH) vitamin D, dose adjust-
ments may be required. Cinacalcet safety is 
unclear, but in pregnant animals, it has been 
shown to be safe with no adverse fetal effects. 
Three pregnancies in two women with hypercal-
cemia from primary hyperparathyroidism and 
parathyroid malignancy treated with cinacalcet 
have been reported with no fetal or maternal 
adverse events attributed to the therapy [59, 60]. 
However, little to no information regarding the 
use of this agent in the dialysis population is 
available. In cases where hypercalcemia is not 
present, it seems reasonable to hold the agent 
and manage mineral-bone disease with the use 
of binders and active vitamin D preparations 
until more information is available.

There is little information available regard-
ing nutritional requirements in pregnant dialysis 
patients. Some have suggested that in addition 
to the routine protein requirements of dialysis 
patients, an additional 20 g/day are required for 
fetal development. This has led to the sugges-
tion that 1.8  g/kg/day of protein intake (with 
3000  kcal/day) is optimal for this population 
[61]. As water-soluble vitamins and minerals 
can be removed by the intensified dialysis, pre-
natal vitamin supplementation is an important 
part of the management. Folate supplementa-

tion is an important requirement, particularly 
early in fetal development, and doses of folate 
between 2 and 5 mg/day have been described. 
Following folate and vitamin B-12 levels and 
careful attention to mean corpuscular volume 
measures can provide some guidance. Some 
provide additional B-complex and trace mineral 
supplements [54, 62].

Additional management issues surrounding 
the HD treatment include the recommendations 
to use only biocompatible, non-reuse dialyzers 
and to avoid formaldehyde or ethylene oxide 
exposure to avoid potential fetal malformations. 
Anticoagulation is continued with unfraction-
ated heparin as required. As pregnancy normally 
results in respiratory alkalosis with compensa-
tory metabolic acidosis, dialysate bicarbonate 
concentrations are often reduced to 25 mEq/l to 
avoid alkalosis [61]. With the intensified hemodi-
alysis prescription, most women require a potas-
sium dialysate bath of 3 mEq/l.

Peritoneal dialysis (PD), previously thought 
to be less stressful to the pregnancy as a result 
of gentle daily ultrafiltration, fewer electrolyte 
fluctuations, and the lack of anticoagulation, is 
not commonly used at this time. Early reports 
concluded that peritoneal dialysis was supe-
rior to hemodialysis and recommended it as the 
modality of choice [63]. However, early regis-
try data from the USA could not find a statis-
tically significant difference between PD and 
HD in the rate of live births [42], and a single 
center reported worse outcomes with PD. [64] 
Concerns for maternal complications unique 
to PD, including abdominal fullness, catheter 
drainage problems, and acute peritonitis have 
resulted in reduced utilization of this modality. 
Thus, while a successful pregnancy is possible 
on PD, particularly in those with residual renal 
function, there are fewer cases reported, and the 
greatest clinical experience is with intensified 
HD. An outline of HD management recommen-
dations is provided in Table 11.2.

In summary, pregnancy in women with ESKD 
maintained on HD is now becoming more com-
mon. Intensified dialysis therapy and close 
follow- up conducted by an experienced multi-
disciplinary team have resulted in substantially 
improved outcomes.
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 Introduction

Based on data from the United States Renal Data 
System (USRDS), there are approximately 25 mil-
lion patients with chronic kidney disease (CKD) in 
the United States [1]. From this astonishing num-
ber, roughly 450,000 patients have end-stage renal 
disease (ESRD) requiring weekly/daily renal 
replacement therapy [1]. Furthermore, given the 
prevalence of the causes of CKD, it is expected that 
the number of patients with ESRD will increase to 
more than 750,000 by 2020 [1]. Treatment of 
CKD-/ESRD-related complications is associated 
with significant economic, healthcare, and societal 
costs, the ramification of which is becoming more 
and more recognized. Therefore understanding the 
pathophysiology of CKD and its complications has 
significant preventive and therapeutic value. It is 
well known that CKD and proteinuria are associ-
ated with significant alterations in lipid metabolism 
and plasma lipid and lipoprotein profiles. These 

abnormalities can play a substantial role in the 
pathogenesis and progression of renal and cardio-
vascular disease in this population [2–4]. There are 
many different factors which can impact lipid 
metabolism and contribute to the nature of lipid 
abnormalities observed in patients with kidney dis-
ease. These include preexisting genetic disorders, 
severity of kidney disease, presence and degree of 
proteinuria, dietary restrictions, features unique to 
each type of renal replacement therapy (hemodial-
ysis, peritoneal dialysis), renal transplantation, and 
pharmacologic therapies commonly utilized in this 
patient population. In this chapter, we will outline 
the features of dyslipidemia observed in kidney 
disease, their underlying mechanisms, and poten-
tial significance of these observations.

 Part I: Dyslipidemia of Chronic 
Kidney Disease

The lipid profile pattern of patients with advanced 
CKD and ESRD is marked by elevation of triglyc-
erides and very low-density lipoprotein (VLDL) 
levels, and this is most likely due to impaired clear-
ance of VLDL, chylomicrons, intermediate-density 
lipoprotein (IDL), and chylomicron remnants. In 
addition, there is increased serum concentration of 
small dense low-density lipoprotein (LDL), IDL, 
chylomicron remnants, and oxidized LDL [5–8]. 
Interestingly, serum total cholesterol and LDL con-
tent are not necessarily elevated and change 
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through the different stages of CKD. For instance, 
lipid profiles of patients with CKD and nephrotic 
range proteinuria frequently exhibit hypercholes-
terolemia and elevated LDL levels [5]. Meanwhile 
patients with advanced CKD and negligible pro-
teinuria or those with ESRD on maintenance 
hemodialysis exhibit reduced or normal serum 
total and LDL cholesterol levels. Another common 
feature of CKD-associated dyslipidemia is reduced 
serum apolipoprotein AI (apoAI) and high-density 
lipoprotein (HDL) cholesterol levels. Moreover, 
there are impaired HDL-mediated reverse choles-
terol transport, reduced HDL maturation and 
abnormal HDL antioxidant, and anti- inflammatory 
properties in patients with CKD [9–13].

In patients with ESRD, the renal replacement 
therapy modality plays a major role in the patho-
genesis and clinical presentation of dyslipidemia. 
Much like the patients with nephrotic syndrome, 
the serum lipid profile of patients on chronic peri-
toneal dialysis frequently exhibits elevated total 
and LDL cholesterol levels [5, 8]. This is in con-
trast to patients on maintenance hemodialysis 
who frequently have normal or reduced serum 
total and LDL cholesterol levels. Other factors 
which complicate the dyslipidemia of kidney dis-
ease are presence of coexisting genetic disorders, 
pharmacologic lipid lowering therapy, and mal-
nutrition, all of which can alter the lipid profile 
observed in each individual patient. Furthermore, 
oxidative stress and inflammation, which are 
common denominators in all forms of kidney dis-
ease, can lead to decreased serum cholesterol lev-
els while increasing the risk of atherogenesis and 
cardiovascular disease by promoting lipid perox-
idation (i.e., oxidation of LDL) [14–17]. Hence, 
even in patients with ESRD on hemodialysis who 
may have “normal” levels of LDL cholesterol, 
LDL particles may be significantly modified by 
the prooxidant and pro-inflammatory milieu such 
that small amounts of LDL may play a major 
causative role in the cardiovascular disease bur-
den observed in this patient population. It should 
be noted that patients with ESRD who have 
undergone renal transplantation will also experi-
ence dyslipidemia due to several additional fac-
tors including residual kidney disease and 
immunosuppressive therapy. For instance, medi-
cations such as rapamycin, glucocorticoids, and 

calcineurin inhibitors adversely and significantly 
impact serum lipid profile independently of a 
patient’s degree of renal disease. Therefore to 
gain a clear understanding of the complex pro-
cesses which may impact a CKD patient’s lipid 
profile, we first need to describe the underlying 
mechanisms responsible for CKD-associated 
abnormal lipid metabolism.

 Impact of CKD on Cholesterol 
and LDL Metabolism

While advanced CKD is not commonly associ-
ated with elevated serum total or LDL choles-
terol concentrations, there is still abnormal LDL 
metabolism as advanced CKD is associated with 
lipoprotein lipase (LPL) and hepatic lipase defi-
ciency [18, 19]. The latter enzymes normally 
hydrolyze the triglyceride content of lipopro-
teins allowing for release of fatty acids for uptake 
into tissues such as the liver or muscle. LPL 
activity leads to conversion of VLDL to IDL and 
subsequently to LDL, a process vital to normal 
transport and metabolism of lipoproteins and 
their contents. Therefore, the constellation of 
LPL and hepatic lipase deficiency leads to 
impaired conversion of intermediate-density 
lipoprotein (IDL) to triglyceride-depleted cho-
lesterol-rich LDL and accumulation of oxida-
tion-prone LDL particles. Given the prooxidant 
environment which is characteristic of CKD, 
LDL oxidation leads to formation of an athero-
genic moiety of this lipoprotein. Therefore it is 
not surprising that patients with advanced CKD 
and ESRD can have significantly increased risk 
of cardiovascular disease despite lacking a lipid 
profile which traditionally is considered a major 
risk factor for poor cardiovascular outcomes 
[20]. In addition, the mechanisms described help 
at least partly explain the recent clinical trials 
which have shown that HMGCoA reductase 
inhibitors (statins) are not effective in lowering 
the incidence of cardiovascular disease in 
patients with ESRD on maintenance hemodialy-
sis [21, 22]. While statin therapy may reduce 
serum LDL cholesterol concentrations, it does 
not address the nature of LDL particles present 
in the serum. It is conceivable that accumulation 
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of even small amounts of oxidized LDL which is 
a result of and contributes to the oxidative stress 
and inflammation of CKD makes a significant 
contribution to the atherogenic diathesis in this 
patient population. Other factors which compli-
cate the serum LDL profile of patients with CKD 
and ESRD are presence of proteinuria and 
modality of renal replacement therapy. Patients 
with CKD and concomitant proteinuria can have 
significant elevation of their serum total and 
LDL cholesterol concentrations [23, 24]. In 
addition, patients on peritoneal dialysis experi-
ence significant protein losses in the peritoneal 
dialysate effluent which creates a clinical picture 
similar to nephrotic syndrome with elevated 
serum total cholesterol and LDL cholesterol lev-
els. Interestingly, despite the increased levels of 
LDL cholesterol, patients on peritoneal dialysis 
do not experience a significantly increased risk 
of cardiovascular disease when compared with 
patients on hemodialysis. This may be due to the 
reduced burden of oxidative stress and inflam-
mation in this patient population as inflamma-
tion-related issues of biocompatibility and shear 
stress which are unique to hemodialysis do not 
apply to peritoneal dialysis.

 Impact of CKD on Lp(a)

Lipoprotein (a) (Lp(a)) is a low-density lipopro-
tein (LDL)-like particle which typically contains 
roughly 45% cholesterol. The serum concentra-
tions of free and LDL-bound (Lp(a) are elevated 
in patients with ESRD.  Using stable isotope 
techniques, it has been shown that the plasma 
residence time of these particles is more than 
twice as long in hemodialysis patients when 
compared to non-CKD controls. Therefore, 
increased serum Lp(a) levels are at least partly 
due to the lack of renal catabolism of this lipo-
protein in the CKD patient population [25]. The 
production rate of Lp(a) in hemodialysis patients 
is similar to that in controls, and therefore 
increased synthesis is less likely to contribute to 
elevated Lp(a) levels [26].

Decreased catabolism of atherogenic lipopro-
teins such as Lp(a) which leads to its increased 
serum half-life can increase the risk of their fur-

ther modification by oxidation, carbamylation, 
and glycation given the preponderance of oxida-
tive stress and inflammation in patients with 
CKD.  The latter will establish a vicious cycle 
where oxidative stress will lead to lipoprotein 
modification and vice versa. Therefore, it is 
imperative that the dyslipidemia of CKD be 
addressed not only based on the plasma concen-
trations of these lipoproteins but also in the con-
text of their metabolic and structural qualities. In 
addition, the usual methods used to measure LDL 
cholesterol levels do not differentiate between 
cholesterol derived from LDL and Lp(a) and are 
thus the net result of cholesterol levels from both 
lipoproteins. Therefore, it is possible that ele-
vated Lp(a) levels in CKD make up a significant 
portion of LDL cholesterol levels. Given that 
statin therapy typically does not impact Lp(a) 
concentrations, the lack of efficacy of statin trials 
in ESRD can be partially explained if the patients 
studied had markedly increased serum Lp(a) lev-
els comprising most of their measured LDL cho-
lesterol concentrations [27].

 Impact of CKD on Triglyceride-Rich 
Lipoprotein Metabolism

CKD is associated with a significant increase in 
the level of serum triglyceride-rich lipoproteins 
[28]. This abnormality is mainly due to impaired 
clearance of VLDLs, chylomicrons, and their 
remnants. The major underlying mechanisms for 
these findings are the CKD-associated reduction 
of tissue LPL and VLDL receptor in organs such 
as skeletal muscle, adipose tissue, and myocar-
dium [18, 29, 30]. In animals with experimental 
CKD, there is evidence that cardiac and skeletal 
muscle mRNA expression and protein abundance 
of VLDL receptors are significantly reduced [29]. 
VLDL receptors are responsible for binding and 
removal of VLDL particles and thereby play a 
key role in extrahepatic triglyceride metabolism. 
Hence VLDL receptor deficiency can result in 
hypertriglyceridemia and impaired fatty acid- 
related energy utilization. Another important 
component of impaired energy metabolism and 
hypertriglyceridemia of CKD is significantly 
reduced LPL level and activity [31, 32]. There 
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are several mechanisms by which LPL deficiency 
and dysfunction is mediated in CKD. The ratio of 
apolipoprotein CIII (apoCIII) to apolipoprotein 
CII (apoCII) is significantly increased in patients 
with CKD [9, 33]. Given that apoC-III inhibits 
LPL and hepatic lipase activity while apoCII 
activates LPL, the increase in the ratio of these 
apoproteins can lead to their enzymatic inhibi-
tion result in abnormal triglyceride-rich lipopro-
tein metabolism in CKD.  Additionally, LPL 
expression is downregulated, and its activity is 
reduced by other factors such as insulin resis-
tance, reduced physical activity, and diminished 
thyroxine (T4)-to-triiodothyronine (T3) conver-
sion all of which commonly complicate advanced 
CKD [34–37]. Moreover, several studies have 
demonstrated marked reduction of plasma post- 
heparin lipolytic activity in patients with CKD on 
maintenance hemodialysis [38–40]. This is most 
likely due to the release and degradation of the 
endothelium-bound LPL mediated via heparin 
anticoagulation which is commonly used in 
hemodialysis to avoid excess clotting [41]. 
Another potential side effect of heparinization is 
the release of angiopoietin-like proteins 
(ANGPTL) 3 and 4. The latter proteins have been 
shown to inactivate LPL, and their concentrations 
were found to be increased in patients on hemo-
dialysis with heparin as their anticoagulant [42]. 
In addition, LPL is anchored to the endothelium 
by glycosylphosphatidylinositol-anchored bind-
ing protein 1 (GPIHBP1). This molecule plays an 
important role in LPL metabolism and function 
as GPIHBP1 deficiency has been shown to cause 
severe hypertriglyceridemia. Animals with CKD 
have reduced mRNA expression and protein 
abundance of GPIHBP1 in adipose, skeletal mus-
cle, and myocardial tissues when compared with 
normal controls [43]. Furthermore, hepatic and 
LPL deficiency of CKD is also mediated by sec-
ondary hyperparathyroidism which has been 
shown to be associated with marked reductions 
of LPL mRNA expression and protein abundance 
in animals with CKD [44–48]. In fact, studies 
have shown that post-heparin plasma lipolytic 
activity is significantly improved in animals with 
CKD who underwent parathyroidectomy [49].

Another important mechanism responsible for 
abnormal triglyceride metabolism of CKD which 
should be mentioned are significant decreases in 
LDL receptor-related protein (LRP). LRP is 
mainly expressed in the liver and is involved in 
clearance of many different lipoproteins includ-
ing VLDL, chylomicrons, and IDL. There is evi-
dence that hepatic LRP gene expression and 
protein abundance is reduced in animal models of 
CKD [50]. Therefore, LRP deficiency will fur-
ther exacerbate the abnormalities caused by LPL 
and VLDL receptor deficiency.

 Consequences of Abnormal LDL, 
Lp(a), and Triglyceride-Rich 
Lipoprotein Metabolism

Impaired clearance of LDL, Lp(a), and 
triglyceride- rich lipoproteins and accumulation 
of their remnants leads to several adverse effects 
[51, 52]. There is evidence that elevated serum 
Lp(a) levels are associated with an increased risk 
of atherosclerosis and cardiovascular disease in 
patients with ESRD [53, 54]. Due to the delayed 
clearance of triglyceride-containing small dense 
LDL, chylomicron remnants, and oxidation- 
prone IDL, there is accumulation of the latter 
lipoproteins in patients with CKD [7]. In light of 
the increased burden of oxidative stress and 
inflammation in these patients, retention of these 
lipoproteins can result in their oxidative modifi-
cation and increased concentrations of oxidized 
lipids. These circulating oxidized lipoproteins 
and their remnants play a key role in the dispersal 
and propagation of oxidative stress throughout 
the body via various mechanisms including the 
initiation of lipid peroxidation chain reaction 
(which as the name suggests leads to further dis-
semination of oxidation in other lipids/phospho-
lipids). In addition, binding of these oxidized 
lipoproteins and their phospholipid components 
to receptors on immune cells such as macro-
phages leads to activation and release of pro- 
inflammatory cytokines resulting in the 
pathogenesis and amplification of inflammation 
and oxidative stress in patients with CKD [55].
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 Impact of CKD on HDL Function 
and Metabolism (Fig. 12.1)

CKD is associated with marked abnormalities in 
high-density lipoprotein (HDL) size, content, 
function, and metabolism [10]. Patients with 
advanced CKD often have decreased serum HDL 
cholesterol levels. In addition, the maturation of 
HDL (a key component of reverse cholesterol 
transport) from cholesterol ester-poor pre-beta- 
migrating HDL (HDL3) to cholesterol ester- 
enriched alpha-migrating HDL (HDL2) is 
significantly reduced in patients with advanced 
CKD and ESRD [5, 6, 56, 57]. Moreover, the tri-
glyceride content of HDL is increased in ESRD 
patients on hemodialysis most likely due to 
reduced hepatic lipase activity given that serum 
cholesteryl ester transfer protein (CETP) levels 
and activity have been shown to be normal [48, 
58, 59].

It is important to note that while serum HDL 
level, size, and content are valuable indices in 
evaluation of HDL as an antiatherogenic lipopro-

tein, there is accumulating evidence which points 
to HDL function as a key component of its cardio-
protective properties [10, 60]. HDL has many dif-
ferent functions and properties, but in the context 
of this chapter, we will only discuss impact of 
CKD on HDL antioxidant, anti-inflammatory 
properties, and reverse cholesterol transport. In 
this regard, CKD is associated with impaired 
HDL antioxidant and anti-inflammatory proper-
ties when compared with healthy controls. We 
have shown that HDL from patients with ESRD 
exhibits markedly reduced antioxidant activity, 
and these findings were accompanied by and were 
most likely in part due to significant reductions in 
the activity of HDL-associated antioxidant 
enzymes paraoxonase1 and glutathione peroxi-
dase [11, 61]. Furthermore, we demonstrated that 
ESRD was not only associated with reduced HDL 
anti-inflammatory activity, but in a subset of 
patients, HDL exhibited pro- inflammatory char-
acteristics [12, 62]. Our findings have also been 
confirmed by several other investigators who 
reported that in contrast to the HDL from healthy 
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Fig. 12.1 Impact of kidney disease on HDL metabolism and potential consequences of HDL dysfunction in chronic 
kidney disease and end-stage renal disease
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controls, HDL from hemodialysis patients pro-
moted inflammatory cytokine production by 
immune cells and this was accompanied with sig-
nificant reductions of the HDL antichemotactic 
activity [63, 64]. Using proteomics, investigators 
have shown that the pro- inflammatory activity of 
HDL is most likely due to the enrichment of this 
molecule with serum amyloid A whose pro-
inflammatory nature was confirmed in vitro [65]. 
Furthermore, reduced HDL anti-oxidant and anti-
inflammatory properties have been demonstrated 
in pediatric patients with CKD who do not have 
multiple comorbidities such as diabetes and 
hypertension and patients with functioning renal 
allografts [64, 66, 67]. Moreover, HDL dysfunc-
tion has been confirmed in patients with ESRD 
who are on peritoneal dialysis as well as hemodi-
alysis, and hence the modality of renal replace-
ment therapy does not seem to make a significant 
impact on HDL antioxidant and anti-inflamma-
tory properties [68]. Reduced anti-inflammatory 
functions of HDL in patients with ESRD are most 
likely due to oxidative modification of this mole-
cule by the prevailing oxidative stress. This phe-
nomenon is not unique to ESRD and can be seen 
in other chronic inflammatory conditions [69, 70]. 
However, pro-inflammatory HDL can intensify 
the inciting oxidative stress and inflammation in 
ESRD. In fact, oxidative modification of HDL as 
measured by oxidized apoAI levels can be associ-
ated with a higher risk of cardiovascular mortality 
[71]. The significance of the latter abnormalities 
are highlighted in a study by our group where a 
sizeable minority of patients on hemodialysis had 
elevated serum HDL cholesterol levels that were 
paradoxically associated with increased cardio-
vascular and overall mortality [72]. In addition, 
recent studies have noted that the association of 
elevated serum HDL cholesterol levels with 
improved cardiovascular mortality is significantly 
attenuated by patients’ estimated glomerular fil-
tration rate [73]. Hence, elevated serum HDL cho-
lesterol concentrations are not necessarily 
associated with improved cardiovascular out-
comes in patients with CKD stage III or worse 
[73]. Furthermore, a recent study in a large 
Veterans Affairs (VA) cohort found that low and 
high (lowest and highest deciles) serum HDL 

cholesterol levels are associated with significantly 
increased risks of incident CKD and progression 
of CKD [74]. The authors noted that while it is 
expected that low serum HDL levels are associ-
ated with poor renal outcomes, the observation 
that increased serum HDL cholesterol levels can 
also be associated with adverse renal outcomes 
was surprising. However, given the mechanisms 
provided so far in this section, these findings can 
be explained by the notion that HDL particles in a 
subset of patients with CKD are highly oxidized 
and pro-inflammatory due to their enrichment in 
acute phase proteins such as serum amyloid 
A. This combined with the fact that HDL particles 
from patients with CKD/ESRD on maintenance 
hemodialysis have been shown to have impaired 
reverse cholesterol transport capabilities can lead 
to HDL dysfunction and explain the paradoxical 
associations of serum HDL level with outcomes 
noted in epidemiologic studies [75, 76].

Another important component of abnormal 
HDL metabolism in CKD is impaired HDL mat-
uration and reverse cholesterol transport. 
Impaired maturation of HDL in CKD is mainly 
driven by the lower serum concentrations of 
enzyme lecithin-cholesterol acyltransferase 
(LCAT) and reduced enzymatic activity [77–81]. 
Under normal conditions, LCAT catalyzes the 
conversion of free cholesterol to cholesterol ester 
allowing for incorporation of hydrophobic lipids 
into the HDL core and loading of this lipoprotein. 
Therefore LCAT plays a major role in HDL mat-
uration, and by loading the cholesterol cargo of 
HDL, it mediates a critical step in reverse choles-
terol transport. We and other investigators have 
shown reduced serum LCAT concentrations and 
activity in patients and downregulation of LCAT 
mRNA expression in the liver of animals with 
CKD [11]. Another important step in reverse cho-
lesterol transport which is impaired in CKD is the 
conversion of intracellular cholesterol esters to 
free cholesterol for removal from the cell. Since 
acetyl-CoA acetyltransferase, cytosolic 1 
(ACAT)1 normally esterifies cholesterol for 
intracellular storage, its upregulation can lead to 
accumulation of lipids and reduced mobilization 
of free cholesterol from within the cells for trans-
port to the liver via HDL. There is evidence that 
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CKD is associated with marked upregulation of 
renal and arterial ACAT1, and this can lead to 
further impairment of reverse cholesterol trans-
port [82–84].

Additionally, an important cause of HDL defi-
ciency and dysfunction in CKD is reduced apoAI 
and apoAII levels. ApoAI is the major protein 
constituent of HDL and plays a critical role in 
reverse cholesterol transport and HDL antioxi-
dant and anti-inflammatory properties. We have 
shown that apoAI hepatic biosynthesis is signifi-
cantly decreased in animals with CKD and in a 
series of in vitro studies found that the downregu-
lation of apoAI gene expression by uremic toxins 
was mediated via mRNA instability [85, 86]. In 
addition, increased catabolism of apoAI has been 
demonstrated in patients with CKD and ESRD 
on maintenance hemodialysis [87, 88]. Moreover, 
a higher prevalence of anti-apoAI autoantibodies 
have been reported in patients with ESRD, and 
this can lead to reduction and dysfunction of the 
apoAI protein [89]. Finally, since presence of 
normal apoAI is crucial to HDL function, its defi-
ciency and oxidation can make a major adverse 
impact on HDL properties [13]. For instance, 
HDL’s affinity and binding to ATP-binding cas-
sette transporter A1 (ABCA-1) transporter, the 
protein which normally transports free choles-
terol from the intracellular space for loading into 
HDL, can be reduced with apoAI deficiency and 
oxidative modification [90]. Therefore, it is not 
surprising that in  vitro studies have shown 
impaired reverse cholesterol transport and 
decreased HDL ability to remove cholesterol 
from lipid-laden macrophages in patients with 
CKD, ESRD, and those with renal transplant 
allografts [91].

Therefore, CKD-associated abnormalities of 
HDL metabolism are threefold. One is apoAI 
and HDL deficiency which on their own can be 
associated with adverse outcomes. There is also 
the defective HDL maturation and impaired 
reverse cholesterol transport which is mainly 
driven by LCAT deficiency and ACAT1 overex-
pression in addition to impaired apoAI-mediated 
free cholesterol efflux. Finally, CKD is associ-
ated with reduced HDL antioxidant and anti-
inflammatory activity which can be a result of 

and lead to oxidative modification of HDL as 
demonstrated in patients with ESRD [92]. HDL 
deficiency and dysfunction can in turn lead to 
further oxidative stress, inflammation, and accu-
mulation of oxidized LDL and phospholipids 
providing the ingredients needed for cardiovas-
cular disease [93]. When combined with severely 
limited reverse cholesterol transport, these 
abnormalities can lead to a significantly 
increased risk of cardiovascular complications 
and mortality.

 Impact of CKD Treated 
with Peritoneal Dialysis Therapy 
on Lipid Metabolism

Peritoneal dialysis therapy can result in substan-
tial losses of proteins in the dialysate effluent 
with an average protein loss of 10  g/day. 
Therefore, dyslipidemia of this modality of renal 
replacement therapy shares some of the features 
of the dyslipidemia associated with proteinuria. 
Therefore it is not surprising that compared to 
patients on maintenance hemodialysis, peritoneal 
dialysis patients have increased LDL cholesterol, 
triglyceride, and Lp(a) concentrations [8, 94–98]. 
The mechanism of dyslipidemia unique to perito-
neal dialysis which needs to be mentioned in this 
section is the role of dextrose-based dialysate. 
Dwelling of the large amounts of dextrose- 
containing dialysate in the peritoneum which is 
used to facilitate ultrafiltration can result in the 
absorption of significant quantities of glucose via 
the peritoneal membrane and hyperglycemia. 
This can in turn lead to the activation of 
carbohydrate- responsive element-binding pro-
tein (chREBP), lipogenesis, and de novo fatty 
acid synthesis with the end result of hyperlipid-
emia and hypertriglyceridemia in these patients 
[99]. Direct evidence for the deleterious role of 
dialysate glucose in peritoneal dialysis-related 
dyslipidemia was provided by Babazono et  al. 
who showed significant reduction of serum LDL 
cholesterol, triglycerides, and small dense LDL 
particles in patients using icodextrin-containing 
dialysate instead of the glucose-based peritoneal 
dialysis solutions [100].
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 Impact of Renal Transplantation 
on Lipid Metabolism

The dyslipidemia observed in patients with func-
tioning renal allografts is multifactorial with con-
tribution from CKD, chronic allograft 
nephropathy, inflammation, and most impor-
tantly use of immunosuppressive agents, particu-
larly prednisone, cyclosporine, and sirolimus. As 
a result of the interplay between the mentioned 
factors, kidney transplant recipients frequently 
exhibit hyperlipidemia (increased total and LDL 
cholesterol), hypertriglyceridemia, and normal or 
reduced HDL concentrations accompanied by 
HDL dysfunction [66, 101–103]. It is known that 
the major cause of mortality in patients with 
functioning renal allografts is cardiovascular dis-
ease, and given this highly atherogenic lipid pro-
file, dyslipidemia most likely plays a major role 
in the pathogenesis of cardiovascular disease and 
its complications in this population [104].

Since we have so far discussed the mecha-
nisms responsible for the pathogenesis of dyslip-
idemia in CKD, in this section we will focus on 
the impact of immunosuppressive therapy on 
lipid metabolism and abnormal lipid profiles in 
patients with renal transplantation. While not 
commonly used, sirolimus can cause hypertri-
glyceridemia and hypercholesterolemia 
(increased LDL and HDL cholesterol). It was 
recently reported that downregulation of hepatic 
LDL receptor expression is mediated via mTOR 
complex 1 pathway and leads to increased LDL 
cholesterol levels in mice. In addition, rapamycin 
therapy has been shown to cause scavenger 
receptor class B type 1 downregulation in human 
umbilical vein endothelial cells (HUVECs), 
hence interfering with reverse cholesterol trans-
port and leading to increased serum HDL choles-
terol levels [105, 106].

Glucocorticosteroids, which are a common 
feature of immunosuppressive therapy in trans-
plantation, cause insulin resistance, increased 
glucose production, and hyperglycemia. Steroid 
therapy also leads to increased fatty acid synthe-
sis and generation of triglycerides in addition to 
decreased HDL cholesterol levels [107]. Another 
commonly used immunosuppressive agent is 

cyclosporine which causes hypertriglyceridemia 
and elevated serum cholesterol and Lp(a) levels. 
The direct impact of cyclosporine on lipid metab-
olism was shown by Artz et al. who found that 
replacement of cyclosporine by alternate immu-
nosuppressive therapy can lead to substantial 
reductions in LDL, total cholesterol, and triglyc-
eride levels in transplant patients [108]. There are 
several mechanisms by which cyclosporine 
causes dyslipidemia. We have found downregula-
tion of hepatic cholesterol 7-alpha-hydroxylase 
enzyme in animal treated with cyclosporine 
[109]. Given that 7-alpha-hydroxylase normally 
converts cholesterol to bile acid for its excretion 
in the bowel, decreased levels of this enzyme can 
limit this process and lead to hyperlipidemia. In 
addition, cyclosporine has been shown to cause 
downregulation of LPL in the skeletal muscle 
and adipose tissue of animals [109]. Cyclosporine 
also increases CETP activity, reduces bile acid 
synthesis, reduces expression of the LDL recep-
tor, inhibits ABCA-1 mediated reverse choles-
terol transport, and reduces apolipoprotein E 
secretion [110–112].

 Part II: Dyslipidemia of Nephrotic 
Syndrome

Proteinuria is caused by various primary and sec-
ondary processes which ultimately damage and 
impair glomerular function and lead to a range of 
complications including CKD and dyslipidemia. 
Nephrotic syndrome is typically defined as protein-
uria exceeding 3.5 g/day together with hyperten-
sion, sodium retention, hypoalbuminemia, edema, 
significant hyperlipidemia, and lipiduria. The 
degree of proteinuria usually corresponds with the 
severity of dyslipidemia and abnormal lipoprotein 
metabolism in patients with nephrotic syndrome. 
There are major structural and quantitative changes 
of lipoproteins in patients with nephrotic syn-
drome. The structural makeup of lipoproteins can 
be altered to a major extent as cholesterol-to-tri-
glyceride, free cholesterol-to- cholesterol ester, and 
phospholipid-to-protein ratios are significantly 
increased in nephrotic syndrome [23, 113]. 
Furthermore, apolipoproteins—AI, AIV, B, C, and 
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E levels and the apoCIII/apoCII ratio—are mark-
edly increased. There are also quantitative changes 
in the serum lipid profile of patients with nephrotic 
syndrome. There is a significant increase in serum 
content of triglycerides, apoB-containing lipopro-
teins (such as VLDL, IDL, and LDL), Lp(a), and 
total cholesterol [113, 114].

 Impact of Nephrotic Syndrome 
on LDL, Lp(a), and Cholesterol 
Metabolism

Nephrotic syndrome is associated with a signifi-
cant increase in serum total and LDL cholesterol. 
The mechanisms responsible for these findings 
are twofold. First, there is increased cholesterol 
synthesis and LDL production in nephrotic syn-
drome. The latter is caused by an upregulation of 
3-hydroxy-3-methylglutaryl-coenzyme (HMG- 
CoA) reductase and ACAT2 enzyme expression 
and increased activity (all of which increase cho-
lesterol production) and increased apoB-100 pro-
duction [114–118]. Secondly, there is diminished 
catabolism and impaired clearance of apoB- 
containing lipoproteins such as LDL mainly due 
to reduced LDL receptor (LDLR) protein abun-
dance [115, 119–122]. Under normal conditions, 
LDL binds to LDLR on the surface of hepato-
cytes thereby forming a complex which subse-
quently undergoes endocytosis. LDL then 
undergoes lysosomal degradation and LDLR is 
released to repeat this cycle. Proprotein conver-
tase subtilisin/kexin type 9 (PCSK9), which is 
primarily produced and released by the liver, 
regulates this process and hence plays an impor-
tant part in regulation of LDLR and cholesterol 
metabolism [123–125]. PCSK9 binds to the 
LDLR on the surface of hepatocytes and forms a 
complex which is internalized and leads to intra-
cellular degradation of the LDLR [124]. 
Therefore, PCSK9 prevents recycling of LDLR 
by promoting its degradation and causes the post-
translational downregulation of this protein. In 
this regard, individuals with loss-of-function 
mutations of PCSK9 have been shown to have 
low plasma LDL cholesterol levels and a 
decreased risk of cardiovascular disease. Given 

the decreased abundance of LDLR in nephrotic 
syndrome, our group studied and found that 
hepatic expression of PCSK9 and inducible 
degrader of the LDL receptor (IDOL) is signifi-
cantly increased in animals with nephrotic syn-
drome. In addition, plasma concentrations of 
PCSK9 were markedly elevated in patients with 
nephrotic syndrome and peritoneal dialysis. 
These findings explain the LDLR deficiency of 
nephrotic syndrome and further point toward a 
posttranslational mechanism [126, 127]. 
Furthermore, due to increased hepatic produc-
tion, serum Lp(a) levels are significantly elevated 
in patients with nephrotic syndrome [23, 128, 
129]. The direct impact of proteinuria on serum 
Lp(a) level has been confirmed since anti- 
proteinuric therapy or spontaneous disease remis-
sion leads to a significant reduction in Lp(a) 
levels in patients with nephrotic syndrome.

 Potential Consequences of Elevated 
LDL and Lp(a) Levels on Renal 
Disease

The significant elevation of serum LDL choles-
terol and Lp(a) levels are not only major contrib-
utors to atherogenesis but also can adversely 
impact renal outcomes in patients with nephrotic 
syndrome. There is accumulating evidence that 
lipids and modified lipoproteins can play a role in 
pathogenesis and progression of renal disease. 
While there is an abundance of in vitro and ani-
mal studies which support lipid-induced renal 
injury [130–133], the most direct clinical evi-
dence linking LDL cholesterol and kidney injury 
are from studies in patients with minimal change 
disease and focal segmental glomerulosclerosis. 
Several studies have shown that in a subset of 
patients with nephrotic syndrome who are resis-
tant to immunosuppressive therapy, lowering of 
LDL via LDL apheresis resulted in complete or 
partial remission of proteinuria [134, 135]. These 
intriguing results are not only indicative of the 
causative role of hyperlipidemia in the pathogen-
esis and progression of renal disease but also pro-
vide support for the notion of using LDL 
apheresis and other lipid-reducing mechanisms 
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as potential new strategies in treatment of patients 
with nephrotic syndrome. In this regard, novel 
pharmacologic tools are now in clinical use 
which inhibit PCSK9 protein and can correct the 
LDL receptor deficiency of nephrotic syndrome 
[136]. It will be intriguing to see whether such 
therapies can be part of the treatment of renal 
injury in nephrotic syndrome in addition to their 
current role in prevention of atherosclerosis.

 Impact of Nephrotic Syndrome 
on HDL Metabolism

Nephrotic syndrome is associated with impaired 
maturation of HDL from the discoid cholesterol- 
poor moiety (HDL-3) to the spherical cholesterol- 
loaded form (HDL-2). The mechanisms responsible 
for this undesired morphological change are sev-
eral. First, it is well known that albumin can serve 
as a carrier for free cholesterol, and HDL can 
obtain a major portion of its cholesterol content 
from albumin. Therefore, the amount of free cho-
lesterol that is normally transported from the 
peripheral tissues to lipid-poor HDL-3 by albumin 
is significantly reduced in nephrotic syndrome due 
to hypoalbuminemia [137]. In addition, given the 
similar molecular weight of LCAT to albumin 
(63kD), there are substantial urinary losses of 
LCAT in patients with heavy proteinuria which 
leads to LCAT deficiency [138]. Since LCAT is 
responsible for the packing of HDL with choles-
terol esters, it is not surprising that LCAT defi-
ciency contributes to impaired cholesterol loading 
of HDL and reduced HDL maturation. Finally, 
human serum CETP normally transfers cholesterol 
esters from HDL and triglycerides to HDL hence 
increasing the triglyceride and lowering the choles-
terol content of HDL. Several studies have demon-
strated that nephrotic syndrome is associated with 
significant elevation of CETP, and this can lead to 
abnormal HDL content of triglycerides and impair 
reverse cholesterol transport [139–141]. In addi-
tion, since mature cholesterol-enriched HDL2 par-
ticles can act as apoE and apoC donors to the 
chylomicrons and nascent VLDL, interference in 
HDL maturation and reduced HDL apoE levels can 
also lead to impaired triglyceride metabolism in 
patients with nephrotic syndrome [142]. Moreover, 

our group has shown a significant decrease in 
hepatic protein abundance of scavenger receptor 
class B type 1 (SR-B1) accompanied by downregu-
lation of PDZ containing domain 1 (PDZK1) (pro-
tein companion of SR-B1  in cell membrane) 
expression and reduced protein abundance in ani-
mals with nephrotic syndrome [143, 144]. In light 
of the fact that SR-B1 acts as the docking receptor 
for HDL in the liver and allows for unloading of 
HDL cholesterol cargo, its deficiency further indi-
cates dysregulation of HDL metabolism and 
impaired reverse cholesterol transport in patients 
with nephrotic syndrome.

Altered handling of serum HDL and impaired 
reverse cholesterol transport in nephrotic syn-
drome is associated with increased oxidative mod-
ification of HDL which can alter its function. 
Newman et al. have demonstrated that proteinuria 
is associated with increased total oxylipid amounts 
in the HDL and VLDL fractions. Lipoprotein con-
tent of epoxides and diols increased twofold in 
HDL and fivefold in VLDL particles, while 
hydroxyeicosatetraenoic acids and hydroxyocta-
decadienoic acids increased more than fourfold in 
HDL and more than 20-fold in VLDL [145]. Given 
the deleterious role of lipid peroxidation on oxida-
tive stress and atherogenesis, these abnormalities 
further explain the increased risk of cardiovascular 
disease in patients with nephrotic syndrome.

 Impact of Nephrotic Syndrome 
on Triglyceride-Rich Lipoprotein 
Metabolism (Fig. 12.2)

Heavy proteinuria and nephrotic syndrome are 
associated with significantly increased fasting 
serum levels of triglycerides, IDL, and VLDL. In 
addition, there is delayed resolution of postpran-
dial lipemia and increased triglyceride loading of 
apoB-containing lipoproteins in nephrotic syn-
drome [121, 146–149]. These abnormalities are 
mediated via several different mechanisms. First, 
nephrotic syndrome is associated with VLDL 
deficiency and alteration of lipoprotein structure 
and composition, and this disrupts the interaction 
and binding of the triglyceride-rich lipoproteins 
such as VLDL and chylomicrons to their recep-
tors and impairs their clearance [148, 150, 151].
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The second mechanism responsible for abnor-
mal triglyceride metabolism in nephrotic syn-
drome is LPL and hepatic lipase deficiency which 
together lead to impaired mobilization and 
metabolism of triglyceride-rich lipoproteins. 
Hepatic lipase inhibition was demonstrated in 
in vitro studies which showed a 50% decrease in 
heparin-releasable lipase activity in the liver of 
animals with nephrotic syndrome when com-
pared to controls [149]. Furthermore, marked 
downregulation of hepatic lipase expression and 
activity and of VLDL receptor mRNA and pro-
tein abundance in the skeletal muscle and myo-
cardium of animals with nephrotic syndrome has 
been reported [18, 152–154].

In regard to LPL deficiency, we have found a 
significant reduction of LPL protein concentra-
tion despite normal LPL messenger RNA 
(mRNA) expression in the adipose tissue, skele-
tal muscle, and myocardium of two animal mod-
els of nephrotic syndrome (Imai rats with 
spontaneous focal glomerulosclerosis and 
puromycin- induced podocyte injury resulting in 
nephrotic syndrome) [155]. This was associated 
with pronounced reductions of heparin- releasable 
and intracellular LPL [153]. Furthermore, other 
investigators have also found significant reduc-
tion of post-heparin lipolytic activity in humans 
and animals with nephrotic syndrome further 
indicating depletion of endothelium-bound LPL 
reserves [113, 146, 147, 156, 157]. In addition, 
nephrotic syndrome is associated with increased 
apoC-III to apoC-II ratio and reduced apoC-II 
and apoE content in VLDL and chylomicrons 
which can lead to impaired LPL function and 
reduced lipolysis of triglyceride-rich lipoproteins 
[158, 159]. Another potential cause of LPL dys-
function is nephrotic syndrome-associated 
impaired HDL metabolism [142, 160]. There is 

evidence that in rat aortic endothelial cells from 
nephrotic animals, there is impaired binding and 
LPL-induced lipolysis of VLDL and chylomi-
crons which can be reversed by the introduction 
of HDL from normal animals [160]. In addition, 
rats with nephrotic syndrome have impaired 
VLDL endothelial binding and LPL-mediated 
lipolysis which can be corrected using HDL from 
normal animals. Moreover, the ability of 
triglyceride- rich lipoproteins to activate lipolytic 
enzymes and participate in effective lipid and 
apoprotein exchange with other lipoproteins such 
as HDL is significantly reduced in nephrotic syn-
drome [56].

There is mounting evidence that abnormal tri-
glyceride and fatty acid metabolism in nephrotic 
syndrome are not only a consequence of this dis-
order, but they may also be linked to its patho-
genesis. The mechanisms responsible for 
abnormal fatty acid production and reduced 
catabolism in nephrotic syndrome have been 
studied in detail. There is evidence that nephrotic 
syndrome is associated with downregulation of 
hepatic genes involved in fatty acid catabolism, 
while expression of the key enzymes involved in 
fatty acid, phospholipid, and triglyceride produc-
tion is upregulated [161–163]. However, recently 
Clement et  al. demonstrated that circulating 
angiopoietin-like 4 (ANGPTL4) plays a vital role 
in the pathogenesis of hypertriglyceridemia and 
proteinuria in nephrotic syndrome thereby 
directly linking proteinuria to the abnormal tri-
glyceride metabolism. There is evidence circulat-
ing ANGPTL4 causes inactivation and inhibition 
of LPL activity. In this regard, it was found that 
increasing plasma levels of ANGPTL4 was asso-
ciated with elevated triglyceride levels, and 
patients with untreated nephrotic syndrome had a 
considerably higher plasma level of ANGPTL4 

Proteinuria
Increase FFA

production PPAR activation
Increased
circulating
ANGPTL4

↓ Proteinuria

LPL Inhibition
Hypertriglyceridemia

New Evidence

Fig. 12.2 The potential role of ANGPLT4 as the link between proteinuria and hypertriglyceridemia in nephrotic 
syndrome
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when compared to healthy controls [164, 165]. It 
was also shown that ANGPTL4 is expressed in 
podocytes and that circulating ANGPTL4 reduces 
proteinuria in nephrotic syndrome [166]. 
Therefore, while elevated circulating ANGPTL4 
ameliorates proteinuria via its interaction with 
αvβ5 integrin, it also leads to hypertriglyceride-
mia. These findings are not unique to primary 
causes of nephrotic syndrome given recent stud-
ies by Herman-Edelstein et al. who found down-
regulation of kidney LPL and increased 
expression of ANGPTL4 was associated with 
increased lipid deposition in renal biopsy speci-
mens from patients with diabetic nephropathy 
and proteinuria [167]. Hence, it appears that ele-
vated circulating levels of ANGPTL4 are trig-
gered by increased free fatty acids (FFA) and are 
a physiologic response to proteinuria which as a 
side effect also interfere with triglyceride metab-
olism [164]. The mechanisms by which FFAs 
regulate ANGPTL4 have not been fully eluci-
dated, but it is known that this molecule is a per-
oxisome proliferator-activated receptor (PPAR) 
target gene and that free fatty acids (FFAs) medi-
ate upregulation of ANGPTL4 via members of 
the PPAR family [168]. Our group has shown 
increased hepatic PPAR alpha expression and 
nuclear translocation which was associated with 
increased tissue and plasma FFA concentration in 
animals with puromycin-induced minimal 
change disease [161]. Furthermore, these find-
ings were not unique to the mechanism of heavy 
proteinuria as we have demonstrated hypertri-
glyceridemia, increased renal and hepatic PPAR 
alpha nuclear translocation, and increased plasma 
FFA content in a CKD model (via a 5/6 nephrec-
tomy model) which is also associated with pro-
teinuria [169, 170]. Therefore, it is possible that 
increased FFA in proteinuria activate PPARs 
which then leads to increase in ANGPTL4 
thereby decreasing proteinuria and increasing 
triglycerides.
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 Clinical Guidelines for Management 
of Dyslipidemia

Management of dyslipidemia has been the core of 
pharmacological intervention for cardiovascular 
(CV) prevention for over 30 years [1]. In spite of 
this, it has remained an area of continuous contro-
versy. In the past 5 years, 11 guidelines for man-
agement of hyperlipidemia were published in the 
English language. All included recommendations, 
as summarized in Table 13.1, were applicable to 
dyslipidemia in non-dialysis-dependent chronic 
kidney disease (NDD-CKD). However, treatment 
of dyslipidemia after renal replacement therapy 
has not been included in these guidelines because 
of failure of clinical trials to show benefit.

Although evidence from clinical studies was 
similarly available to all guideline-writing com-
mittees, there are major differences in recommen-
dation approaches resulting in major differences 

in guidelines, which have not yet been reconciled. 
Guidelines can be classified into three types 
according to their specificity for chronic kidney 
disease (CKD) patients: guidelines specific for 
CKD patients, guidelines who identify CKD as a 
high-risk group, and guidelines for whom CKD 
patients are no different from the rest of the popu-
lation they are addressing.

 Specific CKD Guidelines

Kidney Disease: Improving Global Outcomes 
(KDIGO), an international foundation, recom-
mends a “fire and forget” approach [2]. The 
authors consider patients with CKD over age 50 
to be at high risk of developing CV disease 
(CVD) and therefore recommend statin with or 
without ezetimibe treatment, irrespective of base-
line serum cholesterol. They advise that baseline 
cholesterol should be determined only to rule out 
low-density lipoprotein cholesterol (LDLc) 
higher than 190  mg/dL, which is considered 
indicative of a familial hyperlipidemia. No fol-
low- up determination of lipid levels is necessary 
in the majority of the patients, and no target for 
lipoprotein goal was established. There is no 
upper age treatment limit recommended. In addi-
tion, in patients of age below 50, treatment is rec-
ommended if the patient has diabetes and 
atherosclerotic CVD (ASCVD) or if a 10-year 
global risk is in excess of 10%. There is no 
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 specification for differences in the ethnicity of 
the patient. Irrespective of estimated glomerular 
filtration rate (eGFR) and comorbidity, the guide-
lines advise the patient should be treated with a 
moderate-dose statin.

Conversely, a group of authors representing 
the US National Kidney Foundation and its 
Kidney Disease Outcomes Quality Initiative 
(KDOQI) has published a few revisions of the 
KDIGO guidelines [3], observing that (1) for 
achieving benefit from statins, LDLc lowering 
must exceed 30%; (2) that in patients younger 
than age 40, global risk is difficult to evaluate so 
individualization should be implemented; and (3) 
that patients could be treated with high-dose 
statins if the eGFR is higher than 45  mL/
min/1.73m2 or if the risk of ASCVD is very high.

 Guidelines Specifying that Patients 
with CKD Are at High Risk of ASCVD 
Outcomes

The National Clinical Guideline Centre of the 
United Kingdom (NICE) [4] recommends treat-
ment of all patients with CKD, irrespective of 
age, with atorvastatin 20 mg/day. This is similar 
to their treatment recommendation for general 
population patients who have a 10% or greater 
10-year risk of developing CVD. They also state 
that plant stanols and sterols, fibrates, niacin, bile 
acid-binding resins, and omega-3 fatty acids are 
specifically not to be recommended for CKD 
patients. Additionally, in CKD patients, the dose 
of statins should be increased, if the goal of at 
least 40% decrease in non-high-density lipopro-
tein cholesterol (nonHDLc) is not achieved. In 
patients with stage 4 CKD, the guidelines recom-
mend consultation with a kidney specialist to dis-
cuss prescribing a higher-dose statin.

The Canadian CV Society (CCS) [5] recom-
mends specific goals to be achieved in terms of 
levels of LDLc (<70 mg/dL), nonHDLc (<100 mg/
dL), or apolipoprotein B (ApoB) <80  mg/dL in 
patients at high risk. The guidelines state that 
patients with CKD are at increased risk of ASCVD, 
if they have eGFR<45  mL/min/1.73m2 or albu-
min/creatinine ratio (ACR) of >30 mg/mmol.

The European Atherosclerosis Society and 
European Society of Cardiology (EAS/ESC) [6] 
consider patients with moderate to severe CKD 
(eGFR <60 mL/min/1.73 m2) to be at high risk of 
ASCVD. Consequently they recommend a treat-
ment target for LDLc <70  mg/dL or a ≥50% 
reduction from baseline LDLc. This would imply 
use of a high-dose statin or addition of a non- 
statin drug to a moderate-dose statin in all 
patients. These guidelines accept targeting to 
goals other than LDLc. They also recommend 
use of statins eliminated mostly by hepatic route 
such as atorvastatin, fluvastatin, and pitavastatin.

The Japanese Atherosclerosis Society (JAS) 
guidelines [7] are distinctly characterized by its 
targeting of triglycerides and high-density lipo-
protein cholesterol (HDLc) for cardiovascular 
prevention. They advise that statin use in elderly 
patients is to be individualized. However, in these 
guidelines, drugs other than statins are recom-
mended in order to target all components of dys-
lipidemia. The goals in term of LDLc and 
nonHDLc are <100  mg/dL and <130  mg/dL, 
respectively, which makes these guidelines less 
aggressive.

For the National Lipid Association (NLA) [8], 
similar goals are expressed in terms of LDLc and 
nonHDLc. LDL particle number could be deter-
mined, but no goal is recommended. For these 
recommendations, CKD is considered high risk 
only if eGFR is <45 mL/min/1.73 m2.

In July 2016, the ACC published new guide-
lines in which CKD was added to conditions con-
ferring a high risk of cardiovascular events and 
recommended aggressive cholesterol-lowering 
therapy in all patients [9].

 Guidelines for Which Patients 
with CKD Are No Different 
from the General Population

The 2013 American College of Cardiology and 
American Heart Association (ACC/AHA) guide-
lines [10] have been the subject of wide contro-
versy, with respect to treatment of dyslipidemia 
in CKD patients. They emphatically state that 
low eGFR and increased albumin excretion rate 
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have not been proven to contribute to evaluation 
of CV risk. Consequently, the risk of patients 
with CKD is therefore evaluated according to the 
same risk calculator as the general population. 
The calculator takes into consideration age, 
smoking status, presence of hypertension and its 
control, diabetes, ethnicity, total cholesterol, and 
HDLc. In patients with documented ASCVD and 
diabetes, who represent the majority of patients 
with CKD, the guidelines recommend the use of 
high-dose statins. In the rest of the patients, 
moderate- dose statins are recommended if the 
global 10-year risk exceeds 7.5%. No drug other 
than statins is recommended, and no goal is rec-
ommended for treatment. In patients over the age 
of 75 or under 40, they suggest treatment should 
be individualized.

In 2015 the Veteran Affairs and the Department 
of Defense (VA-DOD) [11] published their own 
guidelines, which are characterized by their 
emphasis on safety. They are similar with the 
ACC/AHA guidelines, but they recommend ini-
tiation of statins with moderate dose in all 
patients, and the threshold for initiation is a 
10-year global risk of 12%.

In 2015 the American Diabetes Association 
(ADA) [12] adopted most of the ACC/AHA 
guidelines for patients with diabetes. In these 
guidelines, since the recommendations pertain to 
patients with diabetes, all diabetic CKD patients 
are to be treated with high-dose statins. Patients 
under age 40 are to be treated if ASCVD or risk 
factors are present, but there is no specification 
for upper limit of age.

The American Association of Clinical 
Endocrinologists (AACE) [13], as opposed to the 
ADA, maintained its prior to 2013 guidelines for 
patients with diabetes. In patients with diabetes 
and either ASCVD or one or more risk factors, 
which includes most patients with CKD, statins 
should be initiated. They also advise that lipid- 
lowering drugs, not limited to statins, should be 
added to obtain an LDLc <70 mg/dL, nonHDLc 
<100 mg/dL, ApoB <80 mg/dL, or LDL particle 
number <1000 mmol/L.

In summary the details of the approaches and 
consequently the recommendations are so differ-
ent that no harmonization is possible without 

additional evidence. In spite of the differences 
between the guidelines, an analysis of the deci-
sions for treatment with statins showed accept-
able concordance [14]. From a practical point of 
view, the main remaining questions are:

 1. Are high-dose statins safe in all stages of 
CKD?

 2. Which NDD-CKD patients should be treated 
with high-dose statins?

 3. Should there be a goal for atherogenic 
particles?

 4. Should other drugs than statins be added to 
achieve the goal?

 Statin Use in Non-Dialysis- 
Dependent CKD Patients

In 2009, Nakamura et  al. conducted a post hoc 
analysis of patients included in the Management 
of Elevated Cholesterol in the Primary Prevention 
Group of Adult Japanese (MEGA) study and eval-
uated the effect of pravastatin (10–20 mg) vs. pla-
cebo in 1471 treated and 1507 placebo-treated 
controls with moderate kidney disease (eGFR 
30  – <60  mL/min/1.73m2), mild to moderate 
hypercholesterolemia, and no past history of isch-
emic heart disease and/or stroke. Results of the 
post hoc analysis showed that over 5 years of fol-
low-up, the pravastatin patients had reduced coro-
nary heart disease by 48% and stroke by 73% and 
had a 51% lower risk of all-cause mortality.

In 2010 Ridker et al. conducted a post hoc anal-
ysis of the Justification for the Use of Statins in 
Primary Prevention: An Intervention Trial 
Evaluating Rosuvastatin (JUPITER) trial, which 
included patients with a low-density lipoprotein 
cholesterol (LDLc) >130  mg/dL and high- 
sensitivity C-reactive protein (hsCRP) 
≥2  mg/L.  They compared 1638 patients treated 
with 20  mg with rosuvastatin and 1629 patients 
treated with placebo (both groups with 
30 – <60 mL/min/1.73m2) and found  statin- treated 
patients had a 45% risk reduction in myocardial 
infarction, stroke, hospital stay for unstable angina, 
arterial revascularization, or confirmed CV death 
and a 43% lower risk of all- cause mortality.
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Conversely, in a number of post hoc analysis 
studies evaluating the effect of statin on CV out-
comes and all-cause mortality in NDD-CKD 
patients, although associations trended toward 
lower risk, no significant effect of statins on pre-
venting all-cause mortality was observed. These 
studies include post hoc analyses of pravastatin 
(PREVEND-IT [15], ALLHAT [16], PPP- 
WOSCOPS, CARE, LIPID [17]), atorvastatin 
(CARDS [18], ALLIANCE [19]), and fluvastatin 
(LIPS) [20]. However, in the post hoc analysis of 
the Air Force/Texas Coronary Atherosclerosis 
Prevention (AFCAP) study, which compared the 
effect of 20 mg lovastatin vs. placebo on clinical 
outcomes in analyses of 304 men with eGFR<60 mL/
min/1.73m2 at baseline, statin therapy significantly 
reduced fatal and nonfatal CV events [RR 0.40, 
95%CI 0.18–0.91] in unadjusted models.

To date, two large meta-analyses have pooled 
the results of these as well as other studies to 
investigate the benefits of statin therapy in CKD 
patients. Palmer et al. [21] as part of the Cochrane 
collaboration reviewed over 50 studies in over 
45,000 CKD patients and found that statin ther-
apy, compared with placebo, reduced the risk of 
major CV events by 18%, risk of all-cause mor-
tality by 21%, risk of CV mortality by 23%, and 
risk of myocardial infarction by 45%. However, 
there was only a nonsignificant reduction of 
stroke risk in statin-treated CKD patients. Their 
meta-analyses included pooled results of the 
largest statin clinical trial to date in CKD patients, 
namely, the Study of Heart and Renal Protection 
(SHARP). Although results in their meta- 
analyses examined effects of statin therapy by 
specific outcome, their report did not examine 
potential effect modification by staging of CKD.

In 2013, Hou et  al. [22] also conducted a 
meta-analysis including 31 trials and over 40,000 
CKD patients examining the effects of statin 
therapy in CKD patients and similarly found that 
treatment with statin therapy in these patients 
reduced major CV events by 23%, including a 
22% reduction in coronary events and a 9% 
reduction in CV or all-cause death but also found 
no significant effect on stroke outcomes. 
Moreover, they found that each mmol/L reduc-
tion of LDLc lowering with a statin could yield 

an 18% reduction in CV events in CKD patients, 
which is similar and consistent with results 
observed in the general population of non-CKD 
patients. However, the most notable finding of 
this meta-analysis concluded that the effects of 
statin therapy in CKD patients differed by stag-
ing of the disease, where statins are most effec-
tive in earlier stages of NDD-CKD. For stage 3 
CKD (which also included two small studies of 
stage 2 CKD patients), CV outcomes were 
reduced by 31% in the statin treated vs. placebo 
group, while stage 4 CKD patients showed a 22% 
reduction in composite CV risk. Analyses in the 
stage 5 CKD patients (mostly on-dialysis sub-
group) showed only an 8% risk reduction.

Most studies included in Palmer’s and Hou’s 
meta-analyses included post hoc analyses of 
larger clinical trials, where each study included 
only less than 1000 NDD-CKD patients. To date, 
the SHARP is the largest trial to evaluate the 
effect of statin therapy (simvastatin plus ezeti-
mibe) vs. placebo on clinical outcomes in patients 
with CKD.  SHARP randomized 9270 patients 
with CKD (3023 dialysis-dependent and 6247 
NDD-CKD) with no known history of myocar-
dial infarction or coronary revascularization. 
Patients were assigned to simvastatin 20 mg plus 
ezetimibe 10 mg daily or matching placebo. After 
4.9 years, there was a significant 17% reduction 
in major atherosclerotic events, 25% reduction in 
non-hemorrhagic stroke, and 21% reduction in 
arterial revascularization procedure. The trial 
also evaluated effect according to CKD stage 
estimated by the Modification of Diet in Renal 
Disease (MDRD) equation for glomerular filtra-
tion rate. In their subgroup analyses, a linear 
trend according to CKD stage appeared to be 
present, where the effects of statin treatment 
appeared to be more potent in earlier stages of 
NDD-CKD.  Patients with stage 4 CKD had a 
22% reduction of the primary endpoint, while the 
decrease in risk for stage 5 CKD was not 
 significant, but the number of patients in which 
these data were obtained was very small. 
Moreover, no significant heterogeneity of effect 
(p  =  0.73) was observed across CKD stages. 
Similarly, no heterogeneity of effect was observed 
in comparison of results for patients on dialysis 
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vs. not on dialysis. However, due to the insignifi-
cant findings in the dialysis population, clinicians 
believe these study results show that statins are 
ineffective in dialysis-dependent patients.

 Statin Use in Dialysis Patients

The all-cause mortality rate in US dialysis patients 
is 230 deaths per 1000 patient-years [23]. Cardiac 
disease is the major cause of death in dialysis 
patients and accounts for 43% of all- cause mortal-
ity. Sixty two percent of cardiac deaths (or 27% of 
all deaths) are attributable to arrhythmic mecha-
nisms. The estimated rate of sudden cardiac death 
in US dialysis patients is 7% per year. Among 
patients initiating dialysis, the main cardiac 
abnormality is left ventricular hypertrophy [24, 
25]. This is associated with other vascular abnor-
malities, including arterial stiffening and promi-
nent generalized and aortocoronary calcification. 
Myocardial infarction is in part attributed to 
reperfusion injury [26]. Plaques are more likely to 
be fibrotic and calcified and less likely to have a 
“vulnerable” lipid core. Serum cholesterol is 
reported to be paradoxically associated with 
improved survival. In this context the plaque sta-
bilizing effect of statins is expected to be less effi-
cient in dialysis patients [27].

The Stegmayr et  al. [28] study included 97 
hemodialysis and 13 peritoneal dialysis patients, 
randomized to atorvastatin 10 mg/day or placebo 
for a mean of 31 months. Although atorvastatin 
reduced LDLc by 35%, it was not beneficial 
regarding CV endpoints or survival.

During the same year, a larger trial was pub-
lished: the Deutsche Diabetes Dialyse Studie (4D 
study) [29]. It enrolled 1255 subjects with type 2 
diabetes mellitus, receiving maintenance hemo-
dialysis, randomly assigned to receive 20 mg of 
atorvastatin per day or matching placebo. During 
a median follow-up period of 4 years, 469 patients 
reached the primary endpoint (composite of 
death from cardiac causes, nonfatal myocardial 
infarction, and stroke), of which 226 were 
assigned to atorvastatin and 243 to placebo (RR 
0.92, 95% CI 0.77–1.10). Atorvastatin signifi-
cantly reduced the rate of all cardiac events com-
bined (RR 0.82, 95% CI 0.68–0.99) but also 

significantly increased the risk of fatal stroke (RR 
2.03, 95%CI 1.05–3.93). There was no benefit in 
terms of all-cause mortality. Atorvastatin signifi-
cantly reduced the rates of adverse outcomes in 
the highest quartile of LDLc (>145 mg/dL) with 
a 31% reduction in the primary endpoint, 42% 
reduction in cardiac death, 52% reduction in sud-
den death, 38% reduction in nonfatal myocardial 
infarction, 32% reduction in cardiac events com-
bined, and 28% reduction in all-cause mortality 
[30]. There was no treatment effect on CV events 
if the LDLc was <145 mg/dL.

The Study to Evaluate the Use of Rosuvastatin 
in Subjects on Regular Hemodialysis: An 
Assessment of Survival and CV Events 
(AURORA) was designed to investigate the 
effects of rosuvastatin 20  mg/day vs. placebo 
therapy in patients undergoing regular hemodial-
ysis treatment [31]. The combined primary end-
point was death from CV causes, nonfatal MI, or 
nonfatal stroke. During a median follow-up 
period of 3.8 years, 396 patients in the rosuvas-
tatin group and 408 patients in the placebo group 
reached the primary endpoint (HR 0.96, 95%CI 
0.84–1.11) Rosuvastatin had no effect on the 
individual components of the primary endpoint 
and no significant effect on all-cause mortality. 
Lipoproteins were not independent predictors of 
mortality in these patients [32].

The SHARP trial included 3023 dialysis 
patients randomized to simvastatin 20 mg/day + 
ezetimibe 10 mg/day [33]. As opposed to the suc-
cess of the intervention in NDD-CKD patients, 
there was no significant reduction in ASCVD 
events or mortality in this predefined subgroup 
(HR 0.90, 95%CI 0.75–1.08).

In summary, intervention with statins with or 
without ezetimibe appears to be ineffective in 
hemodialysis patients with the exception of 
patients with very high LDLc levels who 
 presumably are more likely to experience an 
ASCVD associated with a plaque rupture.

 Peritoneal Dialysis

Compared to hemodialysis patients, peritoneal 
dialysis patients have higher levels of ApoB- 
containing lipoproteins across their entire spec-
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trum [34]. Although a small  subgroup (<500) of 
peritoneal dialysis  patients was evaluated in the 
SHARP trial showing nonsignificant results 
[33],  to date no study has specifically addressed CV 
event reduction with statins in patients with perito-
neal dialysis. A retrospective study using USRDS 
data and propensity score methodology analyzed 
the outcomes in 1053 patients receiving peritoneal 
dialysis [35]. Use of lipid-modifying medications 
was associated with decreased all-cause (HR 0.74, 
95%CI 0.56–0.98) and CV (HR 0.67, 95%CI 
0.47–0.95) mortality. In subgroup analyses, use of 
lipid-modifying medications was associated with 
significantly decreased all-cause and CV mortality 
in the subgroups with cholesterol levels of 226–
275 mg/dL and all-cause mortality in the subgroup 
with cholesterol >275 mg/dL. Use of lipid-modi-
fying medications also was associated with signifi-
cantly decreased CV mortality (by 36%) in patients 
with diabetes and decreased all-cause (by 35%) 
and CV mortality (by 45%) in those with Charlson 
Comorbidity Index score higher than two. In 
another study analyzing 1024 Korean peritoneal 
dialysis patients, after propensity score matching, 
the use of statins was associated with improved 
survival (HR 0.55, 95%CI 0.38–0.79) [36]. In 
view of the differences in lipid profile between 
hemodialysis and peritoneal dialysis, a large clini-
cal trial addressing statin intervention in peritoneal 
dialysis should be undertaken.

 Statin Use in Renal Transplant 
Patients

Renal transplant recipients have also markedly 
shortened life expectancy [24]. Premature CVD 
is the leading cause of death in patients with a 
functioning renal graft. Many transplant recipi-
ents have preexisting CVD at the time of trans-
plantation, and immunosuppressive therapy may 
accelerate the progression of vascular pathology.

Statin intervention for prevention of CV 
events was tested only in one trial. The Assessment 
of Lescol in Renal Transplantation (ALERT) trial 
[37] was a multicenter, randomized, double- 
blind, placebo-controlled trial in 2102 renal 
transplant recipients with total cholesterol 4.0–
9.0 mmol/L (150–350 mg/dL). Patients were ran-

domly assigned to fluvastatin 80  mg/day 
(n = 1050) or placebo (n = 1052) and followed up 
for a mean of 5.1  years. The primary endpoint 
was the occurrence of a major adverse cardiac 
event, defined as cardiac death, nonfatal myocar-
dial infarction, or coronary revascularization. 
Secondary endpoints were individual cardiac 
events, combined cardiac death or nonfatal myo-
cardial infarction, cerebrovascular events, non-
 CV death, all-cause mortality, and graft loss or 
doubling of serum creatinine. Analysis was by 
intention to treat. Fluvastatin lowered LDLc by 
32%. Risk reduction with fluvastatin for the pri-
mary endpoint was not significant (RR 0.83, 
95%CI 0.64–1.06). There were, however, fewer 
cardiac deaths or nonfatal myocardial infarction 
events (70 vs. 104, RR 0.65, 95%CI 0.48–0.88) 
in the fluvastatin group than in the placebo group. 
Coronary intervention procedures and other sec-
ondary endpoints did not differ significantly 
between groups. The authors performed multiple 
analyses for the endpoint of cardiac deaths or 
nonfatal myocardial infarction. Fluvastatin use 
was associated with reduction of risk in many 
subgroups with no heterogeneity. Statistical sig-
nificance was achieved in patients who were 
younger, nondiabetic, nonsmokers, and without 
preexisting CVD.  Multiple sclerosis was diag-
nosed in 32% of the patients enrolled in this 
study. CVD risk was 74% higher in patients with 
metabolic syndrome (p = 0.012), and the benefit 
of statin treatment in reducing CVD risk appeared 
to be attributable exclusively to those with meta-
bolic syndrome.

The data were also analyzed according to the 
time after transplant or the time after renal 
replacement therapy (dialysis followed by trans-
plant) [38]. The frequency of cardiac death and 
nonfatal myocardial infarction was 3.2%, 5.1%, 
9.6%, and 8.2% with fluvastatin treatment as 
compared to 6%, 10.4%, 13.4%, and 9.6% with 
placebo when therapy was initiated at 0–2, 2–4, 
4–6, and >6 years after the last transplant, respec-
tively. The risk reduction for patients initiating 
therapy with fluvastatin at years 0–2 (compared 
with >6  years) following transplantation was 
59% (RR 0.41, 95%CI 0.18–0.92). This is also 
reflected in total time on renal replacement ther-
apy: in patients in the first quartile (<47 months), 
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fluvastatin use was associated with a risk reduc-
tion of 64%, compared with 19% for patients in 
the fourth quartile (>120  months). These data 
were interpreted to support the early introduction 
of statins following renal transplantation.

An extension study offered open-label fluvas-
tatin for two additional years to all patients. 
Patients randomized to fluvastatin had a 29% 
reduction in cardiac death or definite nonfatal 
myocardial infarction (HR 0.71, 95%CI 0.55–
0.93) [39].

In summary, the ALERT study, in spite of the 
negative primary outcome, appears to support  
statin use in renal transplant patients.

 Statins and Progression of CKD

The effect of statins on the rate of decrease of 
eGFR with time has been investigated in most 
randomized clinical trials of statin therapy in the 
hope that significant beneficial effects will be 
reported. An early meta-analysis [40] showed 
statin-treated patients compared with controls 
had a slower rate of decline in glomerular filtra-
tion rate. This effect appeared to be significant 
independent of study quality, percentage change 
in cholesterol, and cause of renal disease. 
However, statin effects on improvement in glo-
merular filtration rate were more likely observed 
in studies with longer follow-up. There was also 
a tendency for a favorable effect of statin treat-
ment on protein excretion; however, the results 
were statistically heterogeneous between studies. 
Further meta-analyses confirmed these findings 
[41–43], and the impression was reinforced by 
the belief that decrease in albumin excretion rate 
is usually associated with decrease of the rate of 
progression of CKD [44].

Since the SHARP study was the only trial of 
cholesterol lowering to specifically address benefit 
in CKD patients, it had a strong influence on the 
beliefs of clinicians on the effect of statins on 
eGFR change [45]. In this study, there was no 
effect of simvastatin and ezetimibe on progression 
of CKD. However, after the publication of these 
study data, three meta-analyses and systematic 
reviews published contradictory results. One study 

showed that statins moderately decreased the rate 
of reduction of eGFR and slowed the progression 
of proteinuria [46]. Another study concluded that 
the effect of statins on the progression of CKD is 
uncertain [21]. The most recent systematic review 
reported a small but statistically significant 
decrease in the rate of eGFR decline in statin-
treated patients. In a subgroup analysis, those who 
received high-intensity statins had a significant 
difference in eGFR decrease with a mean of 3.35 
(95%CI 0.91–5.79) mL/min/1.73 m2 compared to 
control [47]. There was no significant change in 
eGFR with moderate- and low- intensity statin 
therapy. Additionally, compared with the control 
group, the statin group did not have a significant 
difference in reduction of proteinuria.

Some studies have reported differences in 
statin effect on renal function irrespective of 
LDLc lowering. One study reported that pravas-
tatin was more effective than atorvastatin, rosuv-
astatin, and pitavastatin in preserving renal 
function in patients with type 2 diabetes [48]. 
Another study reported that pitavastatin is more 
effective than pravastatin for the reduction of 
albuminuria in type 2 diabetic patients with early 
stages of diabetic nephropathy [49]. In a large 
trial, in patients with diabetic nephropathy, 
despite high-dose rosuvastatin (40 mg/day) low-
ering plasma lipid concentrations to a greater 
extent than did high-dose atorvastatin (80  mg/
day), atorvastatin had more renoprotective effects 
for the patients studied [50].

Studies addressing specific subgroups of CKD 
patients have also published positive results of 
statin benefit on renal function, but publication 
bias is possible. In patients with diabetic nephrop-
athy, rosuvastatin 10  mg/day significantly 
reduced albumin excretion rate and cystatin C 
levels [51]. This is in keeping with the results of 
CARDS, which showed benefit in reduction of 
progression of CKD from atorvastatin limited to 
patients with type 2 diabetes with proteinuria 
[18]. In a post hoc analysis of SPARCL, in 
patients with diabetes mellitus, with and without 
CKD, atorvastatin treatment prevented eGFR 
decline in patients with stroke [52]. In another 
study, pravastatin reduced total kidney volume, 
left ventricular mass index, and microalbumin-
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uria in pediatric autosomal dominant polycystic 
kidney disease [53]. Fluvastatin was shown to 
decrease proteinuria in patients with immuno-
globulin A nephropathy [54]. In HIV-infected 
subjects on antiretroviral therapy, rosuvastatin 
was shown to preserve renal function and lower 
cystatin C [55].

In summary, the effects of statins on progres-
sion of CKD and on albumin excretion rate are 
variable and likely not to be clinically significant. 
Additional data are necessary to select popula-
tions for which clinical benefit of a certain statin 
in a certain dose will be confirmed to extend to 
renoprotection.

 Statin Therapy and Adverse 
Outcomes/Safety in CKD

The safety of statins has been a subject of debate 
from the appearance of this class of therapeutic 
agents. Early assessment of the reports of adverse 
events has resulted in an opinion that statin ther-
apy should be used with caution in CKD patients. 
This opinion was based mostly on the theoretical 
consideration that metabolite accumulation and 
uremia-related muscle injury could increase the 
risk of myopathy [56]. To date, there is no epide-
miological confirmation of this opinion or that 
statin-treated patients across any CKD stage 
including dialysis had a higher risk of adverse 
events [22]. Moreover in studies using high-dose 
atorvastatin [57] or high-dose rosuvastatin [58] in 
NDD-CKD patients, the risk of adverse events 
was no higher than in patients with normal renal 
function.

More recently a large number of studies have 
addressed the association between statin therapy 
and incident diabetes as well as acute kidney 
injury (AKI).

 Statins and Incident Diabetes

In 2001, Freeman et al. reported a 30% reduction 
of incident diabetes in pravastatin-treated patients 
[59]. Subsequently, randomized clinical trials 
focused on this possible outcome. The hypothesis 

was reversed after Ridker et  al. reported that 
rosuvastatin-treated patients had a 28% increase 
in incident diabetes [60]. A large amount of 
research has been published on this subject and 
was summarized in a few meta-analyses [61–65], 
showing that there is a significant increase in risk 
of incident diabetes in statin-treated patients. The 
magnitude of risk is different from one study to 
another depending on the definition of diabetes 
and the percent of each statin included in the 
analysis [61–65]. The size of the effect reported 
could be magnified by bias, attributable to differ-
ences in survival between statin- and placebo- 
treated patients in randomized trials [66].

There are differences in risk between statins 
with rosuvastatin, atorvastatin, and simvastatin 
studies showing statistically significant 
increases in incident diabetes, while in pub-
lished pravastatin, fluvastatin, and pitavastatin 
studies, statistical significance is not achieved 
for this outcome [65, 67]. Some authors have 
concluded that the effect is limited to “powerful 
statins” [68]. In addition, randomized trials of 
high-dose vs. moderate- dose statins indicate a 
higher risk of diabetes incidence for high-dose 
statins [63, 64].

The risk of statin-induced diabetes increases 
with age [69] and is higher in women [60]. There 
is also a possibility that the risk is increased by 
prolonged exposure to statin therapy [69]. The 
risk of statin-induced incident diabetes is likely 
to be confined in patients with prediabetes [70] or 
patients who gain weight during the exposure to 
statin [71]. The definition of “patients at risk” 
seems to be best defined by triglyceride level [59] 
or liver fat content [72], but not by the number of 
components of the metabolic syndrome [73].

All authors reporting on this outcome con-
clude, however, that the benefits of statins out-
weigh the risk conferred by incident diabetes. In 
long-term studies, attempts have been made to 
quantify this risk-benefit ratio [74]. Of course the 
ratio depended on the risk of incident diabetes in 
the individual patients and the absolute risk 
reduction induced by statins. In patients without 
high liver fat content, the effect of statin therapy 
was more favorable in patients with high coro-
nary calcium [72].
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The mechanism of action by which statins 
increase the risk of incident diabetes is not clear. 
Most authors have implicated an induced 
decrease in beta cell function associated with 
inhibition of beta cell glucose transporters, 
delayed ATP production, pro-inflammatory and 
oxidative intracellular effects of plasma-derived 
cholesterol, inhibition of calcium channel- 
dependent insulin secretion and beta cell apopto-
sis [75], statin-induced decrease in circulating 
adiponectin and coenzyme Q10 [76], and sup-
pressed insulin secretion stimulated by musca-
rinic M3 or GPR40 receptor agonists [77]. One 
study attributed the differences between statins in 
incident diabetes induction to differences in insu-
lin sensitivity [78].

The effect of statins on glycemic control in 
patients with preexistent type 2 diabetes is mini-
mal and likely not clinically significant [79].

There is no study to date that has focused 
directly on the incidence of diabetes in statin- 
treated patients with NDD-CKD.  It is known, 
however, that diabetes worsens the prognosis of 
these patients [80]. Until further evidence is 
available, one should recommend statin therapy 
in these patients because of high risk of CV 
events and good evidence of statin benefit. 
Conversely, in dialysis patients, initiation of 
statin therapy cannot be recommended in absence 
of clear cardioprotective benefit.

 Statins and Acute Kidney Injury

There is controversy concerning the association 
of statin therapy with AKI. Some studies showed 
an increase in AKI in statin-treated patients, oth-
ers showed no effect, and others showed a benefi-
cial effect in prevention of AKI. Special attention 
was given to attempts to prevent contrast-induced 
AKI with statin therapy.

Increased risk of AKI in statin-treated patients 
usually occurs in the context of induced rhabdomy-
olysis [81]. In addition, tubular proteinuria can be 
seen with all statins [82]. An increased AKI inci-
dence was reported for high-dose statins [83]. The 
authors reported a 54% increase risk of AKI in the 
first 6 months after initiation of high- dose statins. 
In another study [84], in non-CKD patients, current 

users of high-potency statins were 34% more likely 
to be hospitalized with AKI within 120 days after 
starting treatment. However, this effect was not sta-
tistically significant in CKD patients.

No change in risk of AKI was reported by 
meta-analyses of large long-term clinical trials 
including patients with and without coronary 
artery disease, with and without diabetes, and 
some with stage 3 CKD [85]. The same negative 
results were reported by analyses of statin trials 
after acute coronary syndromes [86] or in studies 
including patients undergoing vascular and endo-
vascular surgery [87].

Decrease in risk of AKI in statin-treated 
patients was reported by one analysis to be pres-
ent in observational studies but not in random-
ized clinical trials [88]. A recent large 
meta-analysis showed an 11% decrease in the 
incidence of postoperative renal dysfunction after 
cardiac surgery in preoperative statin-treated 
patients [89]. AKI was reduced by 13%, and 
there was a 24% reduction in the postoperative 
need for renal replacement therapy. A Cochrane 
review published almost simultaneously con-
cluded that an analysis of currently available data 
did not suggest that preoperative statin use is 
associated with decreased incidence of AKI in 
adults undergoing coronary bypass [90].

The benefit of statin therapy for prevention of 
contrast-induced AKI has been confirmed by 
multiple authors. The mechanism of this protec-
tive effect seems to be related to statin reduction 
of contrast media-induced activation of caspase-
 3,  c-Jun N-terminale kinase (JNK), and p53, 
through preventing induction of renal cell apop-
tosis, as well as restoration of the survival signals 
mediated by Akt and extracellular-signal- 
regulated kinase (ERK) pathways [91]. The 
extent and limitations of the clinical benefit have 
been also characterized. Statins are effective in 
preventing contrast-induced AKI in patients with 
diabetes [91, 92]. Their effectiveness is indepen-
dent of the age of the patients [93, 94], of the 
level of hydration, and of the use of 
N-acetylcysteine [93, 95]. They are effective in 
preventing AKI if the contrast agent is adminis-
tered in moderate volume, but not in high volume 
[96]. The effectiveness seems to be independent 
of the osmolality of the contrast media [93].
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Statins decrease the risk of contrast agent- 
induced AKI when the procedure is performed in 
the setting of an acute coronary syndrome [97], 
and the benefit is higher in patients with elevated 
C-reactive protein (CRP) [94, 98]. High-dose but 
not moderate-dose statins are effective in pre-
venting this outcome [99, 100]. Atorvastatin and 
rosuvastatin are equally effective [101].

The protective effect is present in patients 
with CKD [91, 92, 101, 102], with the caveat 
being that most studies have included predomi-
nantly or exclusively CKD stage 3 patients. The 
benefit might be attenuated when CKD patients 
are compared with non-CKD patients [95] and is 
absent in patients with CKD undergoing elective 
angiography [100].

In summary high-dose statins have a definite 
protective effect in CKD patients with and with-
out diabetes receiving contrast agents and may 
protect against AKI in CKD patients undergoing 
cardiac or vascular surgery. The overall safety of 
high-dose statins in CKD patients needs to be 
addressed in future studies.

 Fibrates in Patients with CKD

Fibrates have been used in clinical practice to 
decrease triglycerides and increase HDLc, 
although increases in HDLc are small. Two 
fibrates are available on the US market, gemfi-
brozil and fenofibrate. They have both been tested 
in clinical trials for reduction of CV events.

The Helsinki Heart Study (HHS) [103] 
enrolled 4081 middle-aged men with nonHDLc 
>200 mg/dL to receive gemfibrozil 600 mg twice 
a day or placebo for 5 years. Treatment resulted 
in a 34% reduction in fatal and nonfatal myocar-
dial infarction. The Veterans Affairs High- 
Density Lipoprotein Cholesterol Intervention 
Trial (VA-HIT) [104] enrolled 2531 men with 
coronary heart disease, an HDLc level of 40 mg 
per deciliter or less, and an LDLc level of 140 mg 
per deciliter (3.6 mmol per liter) or less. The pri-
mary study outcome was nonfatal myocardial 
infarction or death from coronary causes. After 
5.1 years, there was a 22% reduction in the pri-
mary endpoint and a 31% reduction in adjudi-
cated stroke [104, 105]. The success of these 

clinical trials was not translated in clinical prac-
tice because of the emphasis of clinical guide-
lines on LDLc reduction, particularly with statin 
therapy. Concurrent use of gemfibrozil and statins 
resulted in marked increases in the risk of rhab-
domyolysis [106].

Fenofibrate was introduced on the US market 
in order to be used with statins. In pharmacoki-
netic studies, fenofibrate was tested against each 
statin, and its presence resulted in no changes in 
statin kinetic parameters [107–109]. It is used in 
a once-a-day dosage (120–200 mg/day depend-
ing on brand name, in patients with normal renal 
function). Large randomized clinical trials enroll-
ing patients with diabetes have reported the effect 
on CV endpoints by fenofibrate. In the Diabetes 
Atherosclerosis Intervention Study (DAIS) trial 
[110], 418 patients were randomized between 
placebo and fenofibrate monotherapy. The fenofi-
brate group showed a significantly smaller 
increase in percentage diameter stenosis than the 
placebo group and a significantly smaller 
decrease in minimum lumen diameter. In the 
much larger Fenofibrate Intervention and Event 
Lowering in Diabetes (FIELD) trial [111], 9795 
patients were also randomized between fenofi-
brate monotherapy and placebo. Fenofibrate did 
not reduce the primary endpoint (coronary heart 
disease death or nonfatal myocardial infarction) 
but significantly reduced nonfatal myocardial 
infarction by 24%, total CVD events by 11%, and 
coronary revascularizations by 21%. The authors 
also stated that the higher rate of off-protocol ini-
tiation of statin therapy in patients allocated to 
placebo might have masked a moderately larger 
treatment benefit.

A meta-analysis addressed data concerning 
patients with CKD enrolled in VA-HIT and 
FIELD [112]. In 918 patients enrolled, the inter-
vention with a fibrate significantly decreased 
total CV events by 30% and CV death by 40%. 
However, there was no reduction in all-cause 
mortality and stroke.

The Action to Control CV Risk in Diabetes 
(ACCORD) study [113] enrolled 5518 patients 
with type 2 diabetes who were being treated with 
open-label simvastatin to receive either masked 
fenofibrate or placebo. There were no differences 
in the first occurrence of nonfatal MI, nonfatal 
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stroke, or death from CV causes or any pre- 
specified secondary clinical endpoint. To date 
there is no evidence that fenofibrate adds CV 
benefit to patients treated with a moderate-dose 
statin. Only 141 patients in this trial had an 
eGFR<50 mL/min/1.73 m2.

Fenofibrate, but not gemfibrozil, has a revers-
ible negative effect on eGFR [114], and this has 
caused safety concerns [115]. The effect is pres-
ent shortly after the initiation of treatment [116]. 
Guidelines recommend decrease in the dose of 
fenofibrate in CKD patients, [117] usually to one 
third of the dose used in patients with normal 
renal function.

As opposed to the short-term demonstrable 
effect on eGFR, fenofibrate has shown a renopro-
tective effect in long-term clinical trials. In the 
DAIS trial [110], the treated arm had a lower 
likelihood of developing an increased albumin 
excretion rate [116]. In the much larger FIELD 
trial [111], fenofibrate reduced the albumin 
excretion rate and significantly reduced eGFR 
decline over 5 years, despite initially and revers-
ibly increasing plasma creatinine [118]. In the 
ACCORD trial [113], the authors reported a 
reduction of increased albumin excretion rate and 
a reduction of GFR decline in patients who did 
not have a marked initial increase in creatinine 
[119]. The initial rise in creatinine was confirmed 
to be reversible upon completion of the drug ther-
apy intervention [120].

In summary, additional studies are necessary 
to document the long-term risks and benefits of 
fenofibrate added to statin therapy in CKD 
patients.

 Niacin in Patients with CKD

Niacin is the oldest drug available for treatment 
of dyslipidemia [121]. In pharmacological doses, 
niacin’s effects on lipids and lipoproteins are 
fairly well known [122], and its relative safety in 
patients with CKD has been documented [123]. 
The drug is used in clinical practice predomi-
nantly to increase HDLc and reduce triglyceride 
concentration. Niacin used in combination with 
other lipid-lowering drugs has consistently 

resulted in reversal of atherosclerosis expressed 
as carotid intima thickness and coronary stenosis 
[124–127]. Two meta-analyses reported that nia-
cin significantly reduced major coronary events, 
stroke, CV events, and any of the composite end-
points of any CVD [128, 129].

The results of two recent studies, 
Atherothrombosis Intervention in Metabolic 
Syndrome With Low HDL/High Triglycerides 
and Impact on Global Health Outcomes (AIM- 
HIGH) [130] and Treatment of HDL to Reduce 
the Incidence of Vascular Events (HPS-THRIVE) 
[131] have casted doubt on the safety and the effi-
cacy of niacin for reducing CVD events in high- 
risk patients. The AIM-HIGH study enrolled 
3414 patients with coronary artery disease, low 
HDLc (men below 40 mg/dL and women below 
50 mg/dL), and high triglycerides (over 150 mg/
dL) with LDLc lowered to 40–80  mg/dL with 
simvastatin and ezetimibe. There was no incre-
mental clinical benefit from the addition of niacin 
to statin therapy during a 36-month follow-up 
period, despite significant improvements in 
HDLc and triglyceride levels. A subgroup analy-
sis from the AIM-HIGH trial showed a signifi-
cant decrease in primary events in 439 patients 
with triglycerides ≥200  mg/dL and 
HDLc ≤32 mg/dL [132] suggesting that in order 
to demonstrate benefit from niacin in a trial, the 
threshold for enrollment should be higher for tri-
glycerides and lower for HDLc. Another sub-
group analysis addressed the outcomes in patients 
with stage 3 CKD enrolled in this study [133]. 
The authors concluded that the intervention 
improved triglyceride and HDLc concentrations 
but did not improve CV outcomes or kidney 
function and was associated with higher all-cause 
mortality.

HPS-THRIVE used niacin/laropiprant vs. pla-
cebo in statin-treated patients with ASCVD who 
were recruited without regard for their lipid lev-
els and failed to show incremental benefit with 
treatment [131]. This study included patients 
with mean normal HDLc (44 mg/dL) and triglyc-
eride levels (126 mg/dL) but whose LDLc were 
controlled with simvastatin. In the past or now, 
these patients with such a lipid profile would not 
have been treated with niacin.
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The hope that further clinical trials will show 
benefit for niacin in CKD patients was not aban-
doned [134, 135]. Niacin has properties that could 
be beneficial in CKD patients, mostly through its 
effect on HDL function and concentration. HDL 
in patients with CKD is not only reduced but also 
dysfunctional, mostly through reduced antioxi-
dant capacity [136]. Dysfunctional HDL predicts 
a poor outcome in end-stage renal disease (ESRD) 
[137]. Niacin significantly decreases the release 
of myeloperoxidase by leukocytes and prevents 
HDL from becoming dysfunctional [138]. 
Consequently niacin has demonstrated an anti-
inflammatory potential by decreasing fibrinogen 
[139, 140], CRP [141, 142], and soluble CD40 
ligand (sCD40L) [143] and improved endothelial 
function in patients with coronary artery disease 
who had low HDLc [144].

Another property of niacin, which has been 
well documented, is its effect on serum phospho-
rous. Niacin decreased serum phosphorous in 
patients without CKD [145–147], stage 3 CKD 
[147, 148], and ESRD [149–152]. This property 
might add benefit in CKD patients.

The effect of niacin on renal function and 
albumin excretion rate has been studied in exper-
imental kidney disease. Cho et  al. [153, 154] 
reported that niacin-treated partially nephrecto-
mized rats had marked reduction of 24-h protein 
excretion and rate of GFR decline.

In summary, large clinical trials of niacin 
should be undertaken to explore the potential 
benefit of niacin in CKD patients.

 Bile Acid-Binding Resins in CKD

Bile acid-binding resins are used as adjuvants to 
statins to increase cholesterol lowering. They can 
be used also in statin-intolerant patients. The 
mechanism of action is an interruption of entero-
hepatic circulation of bile salts [155]. This inter-
ruption is referred by the authors as “medical” as 
opposed to “surgical interruption” which is the 
result of partial ileal bypass [156]. This interrup-
tion results in a reduction as well as qualitative 
changes in the bile acid pool [157], resulting in a 
decrease in the activation of farnesoid X receptor 

(FXR) receptors with widespread metabolic con-
sequences. The metabolic effect of this interven-
tion is a decrease in total cholesterol and LDLc 
associated with an increase in triglycerides as 
well as an improvement in glycemic control in 
patients with type 2 diabetes [158].

Cholestyramine, colestipol, and colesevelam 
are the only drugs classified as bile acid-binding 
resins in the USA. Colesevelam is less effective 
in maximum dose but better tolerated and associ-
ated with less drug interaction [159].

Interruption of enterohepatic circulation of bile 
acids has been tested in randomized clinical trials 
with clinical endpoints in hypercholesterolemic 
patients. The Lipid Research Clinics Coronary 
Primary Prevention Trial (LRC-CPPT) enrolled 
3806 men free of coronary artery disease with an 
LDLc >175 mg/dL [1]. Patients were randomized 
between cholestyramine with an intended dose of 
24 g/day and placebo. After 7.1 years there was a 
significant 19% reduction in the incidence of non-
fatal myocardial infarction or coronary death. The 
Program On the Surgical Control of the 
Hyperlipidemias (POSCH) [160] study  was 
designed to test whether cholesterol lowering 
induced by partial ileal bypass would decrease the 
incidence of fatal and nonfatal coronary events. 
The study enrolled 838 men and women, myocar-
dial infarction survivors with an LDLc >140 mg/
dL. After 9.7 years there was a highly significant 
35% reduction in nonfatal myocardial infarction 
and coronary death and a 62% reduction in coro-
nary artery bypass graft. At 18-year follow-up, 
there was a significant difference in overall sur-
vival reported as an average survival advantage of 
2.7 years [161]. These studies, however, excluded 
patients with CKD at enrollment.

Sevelamer used as a phosphate binder was shown 
to act as a bile acid binder in patients with CKD 
[162]. Shortly after that, colestimide [163] and 
colestilan [164], bile acid-binding resins used in 
Japan, with a chemical structure similar to sevelamer, 
were shown to be useful as phosphate binders in 
ESRD patients. This expanded the knowledge of use 
of bile acid sequestrants in CKD.  Colestilan was 
shown to be equivalent to sevelamer in phosphate-
binding and LDLc- lowering efficacy [165] and non-
inferior to simvastatin in LDLc lowering [166].
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Sevelamer therapy has been tested for clinical 
and surrogate CV endpoints, mostly on the 
assumption that it will be superior to calcium- 
based phosphate binders. A meta-analysis of 11 
randomized trials (4622 patients) showed that 
patients assigned to noncalcium-based phosphate 
binders (sevelamer or lanthanum) had a 22% 
reduction in all-cause mortality compared with 
those assigned to calcium-based phosphate bind-
ers [167]. Another meta-analysis reported a ben-
eficial effect of sevelamer on multiple all-cause 
hospitalizations and hospital days [168]. A cross- 
sectional study reported an association between 
sevelamer treatment and a lower carotid intima- 
media thickness suggesting an impact on athero-
sclerosis progression [169]. A meta-analysis of 
studies comparing the effects of sevelamer- and 
calcium-based phosphate binders on coronary 
artery and aortic calcification in dialysis patients 
showed significant benefit favoring sevelamer. 
The fact that this benefit might be associated with 
the lipid-lowering effect of sevelamer is sup-
ported by data reporting that the effect is absent if 
the control group is treated with atorvastatin 
[170]. However, these data should not be extrapo-
lated to mean clinical benefit in dialysis patients, 
in view of the clinical trials showing lack of ben-
efit of lipid lowering in dialysis patients. In addi-
tion, the results of studies of sevelamer on arterial 
stiffness are conflicting [171, 172].

In summary, the CV benefit of bile acid- 
binding resins including sevelamer has not been 
adequately tested in CKD patients.

 Ezetimibe in CKD

Ezetimibe has been adequately tested in CKD in 
the SHARP trial [33] and is recommended by 
some but not all of the guidelines. The argument 
is rooted in the belief of need for a target LDLc in 
cholesterol-lowering intervention or lack thereof. 
Ezetimibe is used in addition to statin therapy in 
order to achieve lower LDLc. Addition of ezeti-
mibe to simvastatin in high-risk patients has 
resulted in a small but statistically significant ben-
efit [173]. The arguments in favor of a target are 
multiple. The association of cholesterol and of 

cholesterol lowering with CV events is continu-
ous, and lower levels could provide better out-
comes. The POSCH study has demonstrated that 
it produces benefit irrespective of the method used 
for cholesterol lowering [160]. Consequently, if 
dissatisfied with the results of LDLc lowering, a 
clinician should increase the intensity of the ther-
apy. In addition, in studies of regression of athero-
sclerosis using statins for LDLc lowering, a 
threshold LDLc (~75 mg/dL) should be exceeded 
in order to achieve regression [174, 175]. Finally, 
recent studies using proprotein convertase subtili-
sin/kexin 9 (PCSK9) inhibitors have shown ben-
efit from LDLc lowering at levels considered 
unachievable until now [176, 177] and might have 
a strong impact on the future guidelines.

 PCSK9 Inhibitors in CKD

PCSK9 inhibitors have not been tested in patients 
with CKD. In proteinuric patients, PCSK9 is ele-
vated, which might contribute to the hypercho-
lesterolemia present in these patients [178, 179]. 
The levels drop after renal replacement therapy 
[180] and are below the level of general popula-
tion in dialysis patients [181]. View of the contro-
versies concerning the safety and efficacy of 
statins in CKD results of clinical trials are 
awaited. In 2017 the data of the FOURIER study 
showed that lowering the cholesterol to an aver-
age of 30 mg/dL using evolocumab in addition to 
standard lipid-lowering therapy reduced the pri-
mary endpoint (CV death, myocardial infarction, 
stroke, hospitalization for unstable angina, or 
coronary revascularization) by 15% and the sec-
ondary endpoint (CV death, myocardial infarc-
tion, or stroke) [182] by 20%. The study included 
CKD patients with eGFR >20  mL/min/1.73m2; 
however, to date subgroup analysis for these 
patients has not yet been presented.

 N-3 Fatty Acids in CKD

The biological activity of N-3 fatty acids depends 
on two products: eicosapentaenoic acid (EPA) 
and docosahexaenoic acid (DHA). There are two 
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prescription strength preparations on the US mar-
ket: LovazaR containing 375  mg DHA and 
465 mg EPA and VascepaR, containing 1 g puri-
fied EPA per capsule. Omega-3 fatty acids 
decrease triglyceride concentrations by reducing 
VLDL production. Vascepa decreases LDLc, 
while Lovaza increases it [183].

Clinical trials of N-3 fatty acids for CV end-
points have yielded mixed results. For 
EPA  +  DHA preparations, low-dose monother-
apy improved survival in patients with previous 
myocardial infarction [184, 185]. A significant 
reduction in mortality in heart failure patients 
was also documented in a study [186]. Studies of 
this preparation as an add-on to statin therapy, 
however, were negative [187–189]. For purified 
EPA, a successful trial as add-on to statin therapy 
was undertaken in Japan. The investigators of the 
Japan EPA Lipid Intervention Study (JELIS) ran-
domized 18,645 patients with or without preex-
isting coronary artery disease and a serum 
cholesterol higher than 250 mg/dL to statin + a 
preparation containing 1800 mg EPA or statin + 
placebo [190]. After 4.6 years, there was a sig-
nificant reduction in the risk of major coronary 
events and nonfatal coronary events, each of 
19%, a 28% decrease in the risk of unstable 
angina, and a 20% reduction in stroke [191, 192].

There is a high level of interest in the research 
of N-3 fatty acids in CKD and particularly in 
ESRD.  Hemodialysis patients have markedly 
lower levels of plasma EPA and DHA when com-
pared with NDD-CKD patients [193]. In hemodi-
alysis, DHA is an independent predictor of 
all-cause mortality [194] and of sudden cardiac 
death [195]. A small trial randomized 206 hemo-
dialysis patients between low-dose N-3 fatty 
acids and placebo [196]. A significant reduction 
was seen in the number of myocardial infarctions 
(4 vs. 13; P = 0.036). The Fish Oil Inhibition of 
Stenosis in Hemodialysis Grafts (FISH) study 
enrolled 201 patients for 12 months. In the fish 
oil group, there were half as many thrombosis 
and fewer corrective interventions, and 57% 
improved CV event-free survival [197].

N-3 fatty acids were reported to decrease 
albumin excretion rate in patients already treated 
with renin-angiotensin system blockers who have 

IgA nephropathy [198]. A subsequent meta- 
analysis confirmed this effect but could not con-
firm that this effect leads to preservation of renal 
function [199].

The cardioprotective and renoprotective 
effect  as well as the effect on graft patency of 
omega-3 fatty acid supplementation in CKD 
patients are not yet clarified and require addi-
tional larger studies.

 Probucol in CKD

Probucol was withdrawn from the US market in 
the 1990s after a clinical trial showed no efficacy 
of improvement in femoral atherosclerosis [200]. 
It acts as an antioxidant and moderately low-
ers  LDLc. It may improve reverse cholesterol 
transport, in spite of decreasing HDLc levels. It is 
used in Japan where it has been shown to cause 
marked regression of cutaneous and tendon xan-
thomata [201]. The drug has been tested in small 
clinical endpoint trials. In the Probucol 
Angioplasty Restenosis Trial (PART), therapy 
was a negative predictor of repeat revasculariza-
tion (p  =  0.034) [202]. In the Fukuoka 
Atherosclerosis Trial (FAST), probucol decreased 
significantly the rate of intima-media thickness 
increase and significantly reduced CV events 
(2.4% vs. 13.6%; p = 0.0136) [203, 204].

In CKD, probucol has been successfully 
tested, also in small studies, as a renoprotective 
agent: in diabetic nephropathy [205, 206], IgA 
nephropathy [207], and contrast-induced AKI 
[208, 209]. This drug has, however, a long way 
before returning to the US market.

 Conclusion

Although there are different guidelines and rec-
ommendations for use of statin therapy in CKD 
patients, clinical trial evidence to date demon-
strates that statins are effective in reducing CV 
outcome risk in patients with NDD-CKD. So far, 
cholesterol-lowering trials do not show support 
of a statin benefit in dialysis-treated patients, but 
the current guidelines suggest continuing statin 
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therapy in patients who were already on a statin 
prior to transition to dialysis. Statins have also 
been shown to be safe across all stages of CKD 
and independent of statin dose. However, this 
conclusion is based on a limited amount of data 
and more studies are needed to fully address 
these concerns. Nonetheless, the clinical benefit 
of statin therapy outweighs the risk of adverse 
events, including incident development of diabe-
tes and AKI. There have been a number of drugs 
that have shown additional benefit when added to 
a statin for achieving CV risk reduction; how-
ever, more studies are needed to evaluate the 
effectiveness of these drugs across stages of CKD 
and in dialysis patients.
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Calcium ion homeostasis is an important factor 
as calcium is essential to many vital physiologic 
functions including neuromuscular activity, pres-
ervation of the integrity of cellular membranes, 
blood coagulation, hormone secretion, and bone 
metabolism. Approximately 99% of body cal-
cium resides in bone. The other 1% is present in 
the extracellular and intracellular spaces either in 
diffusible nonionized form (10%) or in ionized 
form (45%) [1]. Free ionized calcium (Ca2+) is 
the biologically active component, and the non-
ionized form is called complexed calcium. The 
total amount of calcium in the human body 
ranges from 1000 to 1200 g. The serum calcium 
concentration is held in a very narrow range in 
both the intracellular and extracellular spaces 
[1]. Calcium homeostasis is dependent on three 
components: (1) the kidney, intestine, and bone 
(re)absorbing or storing calcium; (2) hormones 
that regulate the transport of calcium; and (3) the 

calcium- sensing receptor that controls the trans-
port of calcium in the tissues.

 Intestinal Absorption of Calcium

Dietary calcium intake varies widely. Generally, 
in a well-balanced diet, approximately 
800–1000  mg of calcium is ingested daily. 
Gastrointestinal absorption of calcium is a highly 
selective process. Only 20–25% of total dietary 
calcium is absorbed. Calcium is absorbed along 
the small intestine by two transport processes: 
transcellular (i.e., through the cell) and paracel-
lular (i.e., between the cells) [2–4]. Transcellular 
absorption is an active process, is saturable, 
and is physiologically regulated. This process 
involves three steps: (1) transport of calcium 
from the lumen into the cell through apical cal-
cium channels, (2) movement of calcium within 
the cell, and (3) movement of calcium from the 
cell into the interstitial fluid by a Ca2+-ATPase. 
Paracellular absorption is passive and is nonsatu-
rable. It is determined by concentration gradients 
between the luminal and serosal spaces. Hence, 
it is the predominant route of absorption when 
the luminal concentration of calcium is high. 
Many factors regulate intestinal calcium absorp-
tion including (a) age, (b) calcium and vitamin 
D intake, and (c) circulating levels of calcitriol 
and parathyroid hormone (PTH) [3, 6]. Calcitriol 
is the most important hormonal regulatory factor 
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and primarily controls the active absorption of 
calcium. Calcitriol induces the expression of cal-
cium channels, calbindin (which binds calcium 
and removes calcium from the microvilli region), 
and increases the Ca2+-ATPase [6].

Increased calcium absorption occurs with low 
calcium intake to ensure that adequate amounts 
of calcium are delivered to the body. Calcium 
absorption also increases in direct proportion to 
the requirements; for example, calcium absorp-
tion increases during puberty, pregnancy, and 
lactation. It is important to note that many sub-
stances (e.g., oxalate, citrate) may interfere with 
calcium absorption in the gastrointestinal tract by 
chelating, precipitating, or forming complexes 
with oral calcium. Certain medications such as 
glucocorticoids and colchicine also interfere with 
calcium absorption.

 Renal Regulation of Calcium

The kidneys play a critical role in the regulation 
of serum calcium. In humans who have a glomer-
ular filtration rate of 170 liters per 24 h, roughly 
10 g of calcium is filtered per day. The amount 
of calcium excreted in the urine varies consid-
erably in normal subjects, but the upper normal 
range of calcium excretion per day is <300 mg 
for men and <250 mg for women. Ninety-eight 
percent to 99% of the filtered load of calcium is 
reabsorbed by the renal tubules [6]. The kidney 
reabsorbs ionized calcium more easily than com-
plexed calcium. The complexed calcium is bound 
to molecules such as phosphate, citrate, and sul-
fate. Approximately 60% to 70% of the filtered 
calcium is reabsorbed in the proximal convoluted 
tubule, 20% in the loop of Henle, 10% by the dis-
tal convoluted tubule, and 5% by the collecting 
system. The terminal nephron, although respon-
sible for the reabsorption of only 5–10% of the 
filtered calcium load, is the major site for regula-
tion of calcium excretion [1].

In the proximal tubule, 80% of calcium is 
reabsorbed passively by diffusion paralleling that 
of sodium and water. The remaining 10–15% of 
proximal tubule calcium reabsorption is through 
an active two-step transport mechanism. Calcium 

enters from the tubular fluid across the api-
cal membrane and exits through the basolateral 
membrane. This active reabsorption is regulated 
by PTH and calcitonin [5]. There is no reabsorp-
tion of calcium in the thin segment of the loop of 
Henle. In the thick ascending limb of the loop of 
Henle (TAL), 20% of the filtered calcium is reab-
sorbed. The majority of calcium reabsorption is 
through the paracellular pathway and is propor-
tional to the transtubular electrochemical driving 
force. Apical Na+-K+-2Cl− cotransporter and the 
renal outer medullary potassium (ROMK) chan-
nel generate a lumen-positive transepithelial volt-
age, which drives calcium reabsorption. Calcium 
transport in the TAL is influenced by PTH and the 
calcium-sensing receptor (CaSR). PTH increases 
paracellular permeability resulting in increased 
calcium reabsorption. Stimulation of the CaSR 
by increased serum calcium levels results in 
decreased calcium reabsorption by decreasing 
the paracellular permeability to calcium [6].

The distal tubule reabsorbs 5–10% of the 
filtered calcium exclusively via the transcellu-
lar route. The distal tubule is the major site of 
calcium reabsorption. Calcium is transported 
across the apical membrane toward the basolat-
eral membrane where calcium is reabsorbed via 
a sodium-calcium exchanger and a Ca2+-ATPase. 
Both PTH and calcitriol regulate calcium reab-
sorption in the distal tubule.

 Factors that Regulate 
the Absorption of Calcium

There are numerous factors that control the 
absorption of calcium. The most important reg-
ulator of serum calcium is PTH, which stimu-
lates calcium absorption. PTH is a polypeptide 
secreted from the parathyroid gland in response 
to a decrease in the plasma concentration of ion-
ized calcium. The key physiological role of the 
parathyroid gland is to regulate calcium homeo-
stasis. PTH increases serum calcium levels by (1) 
stimulating bone resorption, (2) promoting the 
formation of calcitriol in the kidney to enhance 
intestinal calcium absorption, and (3) increasing 
active renal calcium absorption. These effects are 
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reversed by small changes in the serum calcium 
concentration which lower PTH secretion.

Calcitriol is another key factor controlling cal-
cium absorption. Calcitriol (1,25- dihydroxyvitamin 
D3) is made in the kidney, enters the circulation, 
and is transported to the small intestine where it 
enhances intestinal calcium absorption. Calcitriol 
also increases calcium absorption in the distal 
tubule. Metabolic acidosis is associated with a 
decrease in calcium absorption and an increase 
in calcium excretion, independent of changes in 
PTH. Expansion of the extracellular fluid is asso-
ciated with increased calcium excretion, whereas 
decreased excretion is seen with volume contrac-
tion. Diuretics also influence calcium absorption. 
Loop diuretics decrease absorption by inhibiting 
transport in the TAL. Thiazide diuretics result in 
decreased calcium excretion presumably through 
increasing proximal sodium and water reabsorp-
tion and increasing distal calcium reabsorption in 
the distal tubule.

 Consequences of Changes 
in Calcium Balance

 Hypercalcemia

Hypercalcemia is a common disorder that pres-
ents a challenge to clinicians. The normal range 
of calcium is between 8.5–10.5 mg/dL and 2.12–
2.62  mmol/L.  Hypercalcemia occurs when the 
serum level of ionized calcium increases. The 
two most common causes of hypercalcemia are 
malignancy and primary hyperparathyroidism, 
accounting for almost 90% of cases [7, 8]. The 
diagnostic approach to new cases of hypercalce-
mia is focused on distinguishing between these 
two common causes. A careful history and physi-
cal examination should be performed to identify 
the etiology. Malignancy often results in more 
severe hypercalcemia requiring hospitalization, 
whereas primary hyperparathyroidism usually 
results in asymptomatic hypercalcemia. Primary 
hyperparathyroidism is more common in women, 
and the incidence increases after menopause [9]. 
Hypercalcemia is less common in children than 
adults but is more likely to be clinically significant 

in children. Idiopathic infantile hypercalcemia is 
a disorder characterized by transiently high serum 
calcium levels in infancy. It is usually a benign 
disorder, but there is a severe form associated with 
somatic deformations called Williams syndrome 
which is characterized by mental deficiency, 
“elfin face,” epicanthal folds, renal disease, heart 
defects, and bladder diverticuli. Seventeen per-
cent of patients with sarcoidosis develop hyper-
calcemia, and it is more common in males [10]. 
Patients with a family history of hypercalcemia 
are more likely to have primary hyperparathy-
roidism or familial hypocalciuric hypercalcemia 
(FHH). FHH is an autosomal dominant disorder 
in which patients have hypocalciuria and hyper-
calcemia. The hypercalcemia is mild and usually 
does not require treatment. Patients may also have 
a family history or personal history of multiple 
endocrine neoplasia type 1 (MEN 1) or type 2A 
(MEN 2A). A family history of recurrent kid-
ney stones is also suggestive of a familial cause 
of hypercalcemia. Many medications may result 
in hypercalcemia so a careful medication his-
tory must be obtained. There are other endocrine 
disorders that can be associated with hypercalce-
mia including hyperthyroidism, acromegaly, and 
pheochromocytoma. Hypercalcemia develops in 
10–22% of patients with hyperthyroidism, but the 
hypercalcemia is usually mild and reverses with 
antithyroid therapy [11]. Rarely, hypercalcemia 
results in patients with pheochromocytomas either 
from the pheochromocytoma itself or in combi-
nation with hyperparathyroidism (i.e., MEN 2A) 
[12]. Immobilization may also result in hypercal-
cemia primarily in states of rapid bone turnover 
(e.g., normal children and adolescents and bone 
abnormalities such as Paget’s). The most common 
causes of hypercalcemia are listed in Fig. 14.1.

There are three basic pathophysiologic mecha-
nisms contributing to hypercalcemia: increased 
intestinal calcium absorption, increased bone 
resorption, and decreased urinary calcium excre-
tion. Increased bone resorption by neoplastic pro-
cesses is the predominant cause in most cases of 
hypercalcemia. The tumors cause bone  resorption 
either directly by invasion of the bone or by pro-
ducing factors that stimulate osteoclastic activity, 
e.g., parathyroid hormone-related protein [13]. 
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Excess calcitriol (e.g., sarcoidosis, vitamin D 
intoxication) results in hypercalcemia by increas-
ing intestinal absorption of calcium and increasing 
calcium release from the bone. Many medications 
can result in hypercalcemia by either increasing 
intestinal absorption of calcium (e.g., vitamin 
D, milk-alkali syndrome) or by decreasing renal 
excretion of calcium (e.g., thiazide diuretics).

 Clinical Manifestations 
of Hypercalcemia
The severity of clinical symptoms depends on the 
level and rate of rise of serum calcium. Patients 
with serum calcium levels <12  mg/dL are often 
asymptomatic and do not require emergent treat-
ment. Severe hypercalcemia may have few clini-
cal manifestations if it developed slowly, whereas 
much less severe hypercalcemia can lead to sig-
nificant symptoms. Levels >14 mg/dL are not well 
tolerated and may result in severe symptoms includ-
ing coma. The first symptoms that occur are usu-
ally general and nonspecific and include fatigue, 
muscle weakness, nervousness, difficulty concen-
trating, and depression. As hypercalcemia persists, 
other symptoms begin to manifest. Gastrointestinal 
symptoms include nausea, vomiting, and consti-

pation. Renal-related symptoms include polyuria, 
kidney stones, and acute and chronic kidney failure. 
Neuropsychiatric manifestations include headache, 
mild cognitive dysfunction, lethargy, and rarely 
stupor and coma. Cardiac arrhythmias have been 
reported in patients with severe hypercalcemia (lev-
els >14 mg/dL) but are rare.

 Diagnosis
The approach to hypercalcemia involves a careful 
history and clinical examination and additional 
laboratory testing. As discussed earlier, often-
times, the diagnosis can be ascertained based on 
the history and clinical examination. However, 
when a diagnosis cannot be made by history and 
physical, additional laboratory testing is war-
ranted. Hypercalcemia should be confirmed by 
repeat testing if there is only one elevated serum 
calcium level. Additionally, serum calcium 
should always be corrected for albumin, and a 
direct measurement of ionized calcium should 
be performed if it is available. Once hypercalce-
mia is confirmed, the next step is to measure the 
serum intact parathyroid hormone level (iPTH). 
Measurement of the iPTH is critical to differ-
entiate PTH-mediated from non-PTH-mediated 

HYPERCALCEMIA

Excess PTH Production
•    Primary hyperparathyroidism

•    Tertiary  hyperparathyroidism

•    Chronic lithium use

Increased Bone Resorption
•    Metastatic disease
•    Humoral hypercalcemia of
     malignancy

•    Immobilzation

•    Hyperthyroidism

Excess 1,25-dihydroxyvitamin D
•    Vitamin D intoxication

•    Lymphoma

•    Granulomatous disease

Increased Intestinal
Absorption of Calcium

•    Vitamin D intoxication

•    Milk-alkali syndrome

Decreased Bone Formation
•    Adynamic bone disease

•    Corticosteroids

•    Aluminum toxicity

Decreased Renal
Excretion of Calcium

•    Familial hypocalcuric
      hypercalcemia

•    Thiazide diuretics

Fig. 14.1 Causes of hypercalcemia
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causes of hypercalcemia. Even though primary 
hyperparathyroidism is only the second most 
common cause of hypercalcemia, its laboratory 
diagnosis is easier to make than hypercalcemia 
from malignancy. If the serum iPTH is high, this 
is indicative of primary hyperparathyroidism. If 
iPTH is low-normal or low in the setting of hyper-
calcemia, other causes should be considered, 
and the patient should undergo measurement 
of PTH-related peptide (PTHrP) and vitamin D 
metabolites. If PTHrP is negative and vitamin D 
metabolite levels (25-hydroxyvitamin D [25(OH)
D] and 1,25-dihydroxyvitamin D [1,25(OH)2D]) 
are normal, other non-PTH- related causes of 
hypercalcemia should be considered. Given the 
large number of diseases associated with hyper-
calcemia, one should use patient factors and 
symptoms to guide further testing. All patients 
with hypercalcemia should have a creatinine 
checked to evaluate for acute or chronic kidney 
dysfunction.

 Treatment
The main goal of treatment is to treat the under-
lying disorder. Whether the patient requires 
immediate treatment of hypercalcemia depends 
on symptoms and the level of serum calcium. 
Patients that are asymptomatic with calcium 
levels <14 mg/dL do not usually require imme-
diate treatment. Patients with severe (defined as 
>14 mg/dL) and/or symptomatic hypercalcemia 
require rapid correction. Initially, the patient 
must be treated with isotonic saline as they are 
often markedly volume depleted due to uri-
nary losses of sodium and water. Isotonic saline 
results in increased urinary calcium excretion 
and decreased proximal tubule calcium reab-
sorption. Since large volumes of isotonic saline 
are often required, there is a risk of volume 
overload so patients must be monitored closely. 
Contraindications to the use of large amounts 
of volume resuscitation include severe cardiac 
failure and advanced chronic kidney disease. 
Loop diuretics can be used as an adjunct therapy 
to facilitate urinary excretion of calcium once 
euvolemia is established [13, 14].

If hypercalcemia persists despite volume 
resuscitation or if patients have contraindications 
to saline therapy, then pharmacologic therapies 

should be used. Bisphosphonates are often first 
choice, especially in hypercalcemia associated 
with cancer. Bisphosphonates inhibit calcitriol 
synthesis and bone resorption. In severe dis-
ease, these drugs should be given intravenously. 
Pamidronate (60–90 mg IV over 4 h) and zole-
dronate (4 mg over 15 min) are frequently used 
agents. Zoledronate is more potent than pamidro-
nate at reversing hypercalcemia. These medica-
tions should be used with caution in patients with 
significant renal impairment, and the dose should 
be reduced. A single dose of these medications 
usually corrects hypercalcemia within 2–4 days. 
These drugs are well tolerated, and very rare side 
effects of these medications are osteonecrosis of 
the jaw and acute renal failure. Calcitonin can 
also be used for hypercalcemia as it increases 
urinary calcium excretion and decreases bone 
resorption. The recommended dose is 4 interna-
tional units/kg of salmon calcitonin given subcu-
taneously or intramuscularly every 12 h. It works 
within 4–6  h, but its use is limited by its short 
duration of action and the rapid development of 
tachyphylaxis [13, 14].

Glucocorticoids are effective for hypercal-
cemia resulting from malignancy, vitamin D 
intoxication, and sarcoidosis. The dose is usu-
ally around 0.5–1 mg/kg daily, and the decrease 
in serum calcium usually occurs 1–2 days after 
starting therapy.

Mithramycin is a cytostatic drug that lowers 
serum calcium level by inhibiting bone resorp-
tion. Administration of a single dose of 25 μg/kg 
intravenously effectively lowers serum calcium 
within a few hours, and the effect lasts several 
days. Serious side effects including bone marrow 
suppression and liver and renal toxicity occur and 
have limited its use in clinical practice. Patients 
with refractory severe hypercalcemia should be 
considered for dialysis [13, 14].

 Hypocalcemia

Hypocalcemia can either be false hypocalcemia 
(due to reduced serum albumin level) or true 
hypocalcemia (decrease in ionized calcium). 
False hypocalcemia can be excluded by correct-
ing the calcium for the albumin or by directly 
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measuring the ionized calcium level. False hypo-
calcemia should be considered in patients with 
chronic illness, malnutrition, cirrhosis, and/or 
nephrotic syndrome as these disorders result in 
hypoalbuminemia.

There are numerous causes of hypocalce-
mia [15]. Hypocalcemia spans all ages, and 
the incidence is equal in males and females. 
The differential diagnosis will vary depending 
on the patient’s age and other comorbidities. 
Hypocalcemia can be divided into that associated 
with high and that associated with low/normal 
PTH levels (Fig.  14.2). Hypocalcemia associ-
ated with low PTH is usually due to decreased/
inadequate PTH secretion (hypoparathyroid-
ism). Hypoparathyroidism may be acquired (e.g., 
after surgery or radiation, secondary to autoim-
mune damage or amyloidosis, etc.), hereditary 
(autosomal dominant hypocalcemia and famil-
ial isolated hypoparathyroidism), or idiopathic. 
Hypomagnesemia results in decreased serum 
ionized calcium levels by inducing PTH resis-
tance and decreasing PTH secretion.

Hypocalcemia associated with high PTH 
results from many different causes but primarily 
results from vitamin D-deficient states (Fig. 14.2). 
Most cases of 25(OH)D deficiency do not result 
in hypocalcemia unless the deficiency is severe. 
Vitamin D deficiency can occur from decreased 
intake, decreased absorption (e.g., from gastro-
intestinal surgery, intestinal malabsorption, or 
hepatobiliary disease), or decreased formation 
(e.g., liver disease). Decreased 1,25(OH)2D for-
mation or resistance to 1,25(OH)2D also results 

in low calcium levels (e.g., vitamin D-dependent 
rickets). Pseudohypoparathyroidism (parathy-
roid hormone resistance) is a familial disease 
that causes hypocalcemia as well as short stat-
ure, hypothyroidism, hypogonadism, and devel-
opmental delay. Chronic kidney disease is also a 
common cause of hypocalcemia due to secondary 
hyperparathyroidism. Acute pancreatitis is a fre-
quent cause of hypocalcemia due to precipitation 
of calcium in the retroperitoneum. Osteoblastic 
metastases can also result in hypocalcemia. 
Occasionally, hypocalcemia occurs acutely as a 
result of either extravascular calcium deposition 
or intravascular binding.

 Clinical Manifestations 
of Hypocalcemia
Similar to hypercalcemia, the symptoms of hypo-
calcemia depend on how quickly it develops and 
how severe it is. The hallmark of acute hypo-
calcemia is neuromuscular irritability includ-
ing perioral numbness, carpopedal spasms of 
the hands and feet, tetany, altered mental sta-
tus, and seizures. Tetany usually only occurs 
when the total serum calcium level falls below 
7.0 mg/dL. Chvostek’s sign (tapping on the facial 
nerve near the temporal mandibular joint leads 
to twitching of facial muscle) and Trousseau’s 
sign (carpal spasm in response to inflation of a 
blood pressure cuff in the forearm) are signs of 
neuromuscular irritability [15]. Grand mal, petit 
mal, and focal seizures all can occur as a result 
of hypocalcemia. Patients who develop seizures 
usually also have tetany, but seizures can occur 

HYPOCALCEMIA

Low or Normal PTH High PTH

Low Phosphate
•    Hypomagnesemia •    Vitamin D deficiency •    Acute or chronic kidney

     failure
•    Pseudohypoparathyroidism
•    Rhabdomyolysis
•    Tumor lysis syndrome

•    Sepsis
•    Medications
•    Osteoblastic
      metastases

•    Idiopathic or acquired
     hypoparathyroidism
•    Autosomal dominant
      hypocalcemia

High Phosphate High PhosphateLow Phosphate

•

Fig. 14.2 Causes of hypocalcemia
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without tetany. Cardiovascular manifestations 
(prolongation of the QT interval, arrhythmias) 
may be present as a sign or symptom of hypo-
calcemia. Patients with chronic hypocalcemia are 
often asymptomatic. However, chronic hypocal-
cemia is associated with brittle nails, dry skin, 
coarse hair, cataracts, skeletal abnormalities, and 
basal ganglia calcifications.

 Diagnosis
Hypocalcemia should be confirmed if there is 
only one low serum calcium value and the value 
needs to be corrected for the albumin level. The 
laboratory evaluation of hypocalcemia should 
be guided by the history and clinical examina-
tion. If the cause of the hypocalcemia is not 
obvious from the patient’s history, the first step 
in the evaluation is to measure PTH. A low PTH 
is essentially diagnostic of hypoparathyroidism 
(hereditary or acquired), but autosomal domi-
nant hypocalcemia (activating mutation of the 
calcium- sensing receptor) must be ruled out. 
Chronic hypomagnesemia also results in low or 
normal PTH.  A high PTH level is the normal 
response to hypocalcemia. Hence, an elevated 
PTH level is seen in patients with hypocalcemia 
from chronic kidney disease, pseudohypopara-
thyroidism, vitamin D deficiency, osteoblastic 
metastases, sepsis, etc. Most of these causes are 
obvious from the patient’s history and physical 
examination. In addition to PTH, other important 
measurements include serum creatinine, phos-
phate, magnesium, 25(OH)D, 1,25(OH)2D, and 
alkaline phosphatase. Imaging studies should be 
ordered based on the history and physical exami-
nation. For example, plain films are useful for 
identifying osteoblastic metastases.

 Treatment
Treatment is aimed at the underlying cause. 
Urgent management of hypocalcemia depends on 
the severity and rapidity with which the hypocal-
cemia develops. Patients with acute hypocalce-
mia may have severe symptoms (tetany, seizures, 
QT prolongation), which require aggressive 
treatment with intravenous calcium [15, 16]. An 
intravenous bolus of 1–2 g (93–186 mg elemen-
tal calcium) of calcium gluconate diluted in 

50–100  mL of 5% dextrose should be infused 
over 10–20 min. If hypocalcemia persists, a slow 
calcium infusion should be started at 0.5–1.5 mg/
kg/hour. Calcium gluconate is preferred over 
calcium chloride as calcium chloride can lead to 
skin necrosis if accidentally extravasated. Serum 
magnesium must also be repleted if low.

Patients with chronic hypocalcemia are often 
asymptomatic and should be treated with oral 
calcium and vitamin D supplementation. One 
to three grams of elemental calcium should be 
given in two to three divided doses daily. There 
are numerous preparations of oral calcium avail-
able. Calcium carbonate is the most common 
formulation used, and it contains 40% elemen-
tal calcium. Vitamin D may need to be added 
if the oral calcium administration does not cor-
rect the hypocalcemia. Vitamin D supplementa-
tion (1,25(OH)2D) is needed for the treatment 
of hypoparathyroidism. Concurrent magnesium 
deficiency should be treated with oral magne-
sium oxide or by magnesium infusion. The goal 
of therapy in chronic hypocalcemia is to restore 
and maintain the serum calcium level in the low- 
normal range. Higher targets increase the risk of 
hypercalciuria, which can lead to nephrolithiasis 
and/or nephrocalcinosis. Calcium levels need to 
be monitored to avoid hypercalcemia.
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 Background

Cardiovascular disease is a major cause of mor-
bidity and mortality in patients with chronic 
kidney disease (CKD), especially in those with 
end-stage renal disease (ESRD) [1], and the risk 
of cardiovascular mortality is 10–20-fold higher 
among hemodialysis patients. However, some 
of the traditional risk factors of cardiovascular 
disease such as African-American race, hyper-
tension, hypercholesterolemia, and obesity are 
paradoxically associated with better outcomes 
in CKD and ESRD patients [2–7], and these 
observations point to the presence of novel car-
diovascular risk factors in CKD.  In addition to 
the fact that decreased kidney function itself is a 
strong and independent predictor of cardiovas-
cular events, CKD is characterized by a com-
plex metabolic milieu that consists of multiple 

biochemical and hormonal abnormalities. Those 
abnormalities in mineral and bone metabolism 
have also been associated with worse cardiovas-
cular outcomes and mortality independent of tra-
ditional risk factors [8–14]. These findings have 
led to the emergence of a framework termed 
CKD- related mineral and bone disorders (CKD-
MBD) [15].

Congestive heart failure is the leading cardio-
vascular condition among patients with CKD, 
and the terminal events in congestive heart fail-
ure are pump failure and sudden arrhythmic 
death [16]. Indeed, unlike the general population, 
in whom ischemic heart disease is the primary 
cause of cardiovascular mortality, many patients 
with advanced CKD expire from chronic heart 
failure and sudden cardiac death [17–19]. This 
is consistent with the fact that left ventricular 
hypertrophy (LVH) and vascular calcification are 
the most apparent cardiovascular abnormalities 
in patients with CKD [20]. In particular, hyper-
phosphatemia and elevated fibroblast growth 
factor (FGF)-23 are common and have been 
strongly and consistently linked to those abnor-
malities among patients with CKD. Excesses in 
phosphorus and FGF23 are potential therapeutic 
targets in CKD, and a better understanding of the 
physiological and pathologic processes may help 
develop therapeutic strategies and guide patient 
care for the treatment of CKD-mineral and bone 
disorders (MBDs).
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 Physiology

Phosphorus is an essential macronutrient for 
the survival of living organisms and play major 
roles on the maintenance of its biological func-
tions. It constitutes hydroxyapatite in skeleton, 
phospholipids in cell membrane, adenosine tri-
phosphate (ATP) as a major source of cellular 
energy, and nuclear acids (i.e., DNA and RNA). 
Furthermore, posttranslational modifications 
through phosphorylation and dephosphorization 
regulate a wide variety of enzymes and proteins 
in pathways of intracellular signal transduction. 
Serum phosphate levels are maintained by deli-
cate multi- organ cross talks among the kidney, 
parathyroid, bone, and intestine through several 
hormones such as 1α,25-dihydroxyvitamin D 
[1α,25(OH)2D], parathyroid hormone (PTH), 
and FGF23 (Fig. 15.1), and their concentrations 
are regulated by a negative feedback loop among 
each of them [21–34].

Secreted FGF23 is a 32 kDa hormone derived 
from the bone (i.e., osteocytes and osteoblasts) 
and regulates phosphorus and vitamin D homeo-
stasis [35, 36]. It belongs to the FGF family; 

thus far a total of 22 FGFs with diverse biologi-
cal activities have been identified in humans and 
grouped into seven subfamilies according to 
their mechanisms of action [37]. Among them, 
the FGF19 subfamily (i.e., FGF19, FGF21, 
and FGF23) has hormone-like characteristics 
due to the reduced affinity to heparin sulfate 
which enable them to avoid being captured in 
the extracellular matrices [38, 39]. They have 
also low binding ability to heparin result-
ing in diminished affinity to FGF receptors 
(FGFR), and hence, require the coexistence of 
a co-receptor Klotho to activate FGFR [37, 40]. 
Specifically, FGF23 interacts with α-Klotho via 
its C-terminus, and the physiologic actions of 
FGF23 are predominantly exerted through the 
FGFR-α-Klotho complex [41–43]. The tissue-
specificity of FGF23 actions is explained by 
the limited distribution of the full-length trans-
membrane α-Klotho molecule to certain tissues 
with its expression highest in the renal distal 
tubule followed by the brain and the pituitary 
gland and to a lower extent in placenta, skeletal 
muscle, urinary bladder, aorta, pancreas, testis, 
ovary, colon, and the thyroid gland [44].
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The primary physiologic actions of FGF23 
are (1) suppression of the type II sodium- phos-
phate (NaPi) cotransporters and (2) inhibition of 
Cyp27b1 (1α-hydroxylase) in renal proximal tubu-
lar cells, leading to decreased reabsorption of phos-
phate and reduced activation of vitamin D in the 
kidney, respectively [21–25, 45, 46]. Nevertheless, 
it remains largely unknown how FGF23 interacts 
with the renal proximal tubule because α-Klotho is 
mainly expressed in the distal tubules. The proxi-
mal tubules express α-Klotho at low level [47], but 
a mouse model with the proximal tubule-specific 
α-Klotho deletion resulted in at most mild hyper-
phosphatemia [48], while another mouse model 
with partial deletion of Klotho in distal tubular 
segments exhibited apparent hyperphosphatemia 
[49]. Other actions of FGF23 include enhance-
ment of the vitamin D degradation via stimulation 
of Cyp24A1 (24-hydroxylase) [21], stimulation 
of distal tubular sodium and calcium reabsorp-
tion [50, 51], and suppression of α-klotho and 
angiotensin- converting enzyme (ACE)-2 tran-
scription in the kidney [52, 53]. FGF23 also inter-
acts with PTH through negative feedback loops 
involving 1α,25(OH)2D as described above, but 
in a direct manner, FGF23 decreases the synthe-
sis and secretion of PTH and increases calcium-
sensing receptor (CaSR) and vitamin D receptor 
(VDR) expression in normal parathyroid glands 
[24, 29, 30].

The regulatory mechanism of FGF23 is 
complex and not yet fully understood. PTH and 
1α,25(OH)2D appear to be important stimu-
lators for FGF23 secretion and synthesis by 
osteocytes and osteoblasts [25–27, 54], but 
there are several studies demonstrating con-
flicting results regarding PTH [55–57]. Direct 
regulation of FGF23 production by extracellu-
lar phosphate levels has been difficult to dem-
onstrate because several hormones regulate 
extracellular phosphate levels [58, 59], but high 
phosphate alone does not appear to directly 
affect FGF23 levels [49, 60, 61]. The activation 
of the renin-angiotensin- aldosterone system 
(RAAS), which is known to induce proteinuria 
through hemodynamic factors [62], appears to 

induce phosphate retention and FGF23 eleva-
tion in part via downregulation of renal Klotho 
expression [63–65]. Other regulatory factors 
include calcium [22, 66], metabolic acidosis 
[67], leptin/sympathetic nervous system [68, 
69], bone mineralization-related proteins (i.e., 
PHEX and DMP1) [70–73], and importantly, 
factors affecting iron metabolism such as iron 
deficiency, inflammation, and intravenous iron 
administration [74–78].

The biological activity of FGF23 is also 
regulated by its intracellular posttransla-
tional processing. The secretion of FGF23 
requires O-glycosylation by polypeptide 
N-acetylgalactosaminyltransferase 3 (GALNT3) 
[79]. Additionally, the O-glycosylation also 
plays a pivotal role in the proteolytic inactivation 
of FGF23 [79, 80]. Intact FGF23 is cleaved into 
inactive fragments between 179Arg and 180Ser 
by a family of calcium-dependent cleavage 
enzymes (i.e., subtilisin-like protein convertases 
including furin and PC5/6) that recognize the 
RXXR motif at the boundary between the core 
homology region and the carboxy (C)-terminal 
region (Fig.  15.2) [81, 82]. The resultant 
C-terminal fragments may also inhibit the effec-
tive binding of intact FGF23 to FGFRs as an 
antagonist [83]. This cleavage is prevented by 
the GALNT3-mediated O-glycosylation in the 
RXXR motif [84, 85], and O-glycosylation of 
FGF23 is inhibited by the ubiquitous Golgi secre-
tory kinase FAM20c that directs phosphorylation 
of FGF23 on three serines within the C-terminal 
fragment [86, 87]. Therefore, unglycosylated, 
phosphorylated FGF23 is the substrate of cleav-
age enzymes. Intact FGF23 may also be degraded 
by the kidney because the proportion of circulat-
ing c-terminal versus intact FGF23 decreases 
as CKD progresses [88–90]. Furthermore, 
iron deficiency and inflammation do not only 
increase FGF23 expression in the bone but also 
enhance FGF23 degradation through upregulat-
ing hypoxia-inducible factor (HIF) 1α [78, 91]. 
However, it is yet to be clarified the mechanisms 
by which these conditions alter the activity of the 
cleavage enzymes.
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 Longitudinal Change in the Course 
of Chronic Kidney Disease

Taken together, trajectories of mineral 
and bone disorders in the course of CKD 
(Fig.  15.3) [92] can be explained as follows. 
At the early stage of CKD, as the expression 
of α-Klotho decreases in the damaged kidney 
[93–95], FGF23 levels start to rise earlier than 
other parameters such as calcium, phosphorus, 
and PTH [92, 96, 97]. Elevated FGF23 inhib-
its renal 1α-hydroxylase expression, leading to 
concomitant decrease in 1α,25(OH)2D levels. 
Suboptimal VDR activation in the parathyroid 
glands leads to higher expression and release 
of PTH as CKD progresses, and decreased 

renal PTH clearance also results in accumula-
tion of PTH [98]. Increases in PTH maintain 
serum calcium levels within the physiologi-
cal range through bone resorption. Despite 
the decreased functioning nephron, elevation 
in serum phosphate levels is not observed in 
moderate CKD owing to high levels of two 
phosphaturic hormones (i.e., FGF23 and PTH) 
and low 1α,25(OH)2D.  In the late stages of 
CKD, however, serum phosphorus starts to 
increase when FGF23 and PTH fail to com-
pensate for decreased urinary phosphorus 
excretion, and hyperphosphatemia then exac-
erbates hyperparathyroidism [99–101]. Renal 
tubular damage and elevated FGF23 blunt the 
response of renal 1α-hydroxylase against PTH 
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amino acids, which can be cleaved into the amino 
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tion of Ser180 inhibits O-glycosylation by GalNac-T3 and 
enhances the processing of FGF23 protein
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and further decrease 1α,25(OH)2D.  Resultant 
inclination towards hypocalcemia additively 
stimulates the parathyroid gland, accelerating 
the development of  secondary hyperparathy-
roidism. Hyperplastic parathyroid glands have 
low expressions of CaSR, VDR, FGFR1, and 
α-klotho and, hence, show resistance against 
FGF23 and VDR activators [30, 102–105]. 
Aggravated secondary hyperparathyroidism 
then enhances the expression of FGF23  in 
osteocytes and osteoblasts. Thus, both dimin-
ished renal clearance and increased bone 
expression contribute to exponential elevation 
in FGF23 among patients with advanced CKD.

It still remains unclear why FGF23 rises 
when serum levels of calcium and phosphorus 
are unchanged and when 1α,25(OH)2D is even 
declining. Recent cumulative data, however, sug-
gest a key role of the kidney on FGF23 homeo-
stasis by clearing FGF23 from blood [89, 98, 
106]. Several studies also demonstrated FGF23 
production in diseased kidneys [107, 108], but 
further studies are necessary to reveal the whole 
mechanisms of early FGF23 elevation in the 
course of CKD.

 Epidemiology and Potential 
Pathophysiology

 Phosphate and Cardiovascular Toxicity
Hyperphosphatemia is a well-known risk factor 
of cardiovascular events and mortality among 
patients with a wide range of CKD, and it 
should be noted that higher serum phosphorus 
levels are incrementally associated with greater 
mortality risk even within its normal range 
[109]. With respect to underlying pathways, 
research by Giachelli et al. has shown that ele-
vated extracellular phosphorous directly stimu-
lates vascular smooth muscle cells to undergo 
phenotypic changes leading to vascular calci-
fication vis-à- vis increasing osteogenic gene 
expression, decreasing smooth muscle specific 
gene expression, and stimulating secretion of 
potential mineral nucleating molecules (e.g., 
alkaline phosphatase) [110]. It has also been 
suggested that phosphate disorders may lead 
to vascular calcification through the regulation 
of bone matrix proteins such as osteopontin, 
and work by Chen et  al. has shown that phos-
phorus induces expression of the bone matrix 
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 osteopontin and calcification of vascular smooth 
muscle cells [111]. In in vivo models, phospho-
rus loading has been shown to inhibit endothe-
lium-dependent vasodilation, and in humans, 
high dietary phosphorus loads have been shown 
to increase serum phosphorus and decrease 
flow-mediated vasodilation [112].

 Adverse Effects of FGF23
FGF23 levels are exponentially elevated as kidney 
function declines and associated with worse renal 
outcomes in pre-dialysis patients with CKD [97, 
113–117]. Elevated FGF23 levels are also asso-
ciated with cardiovascular events and mortality 
across CKD stages and even in community- based 
populations with mostly normal kidney function, 
independent of potential risk factors including 
serum phosphorus [116–123]. While the elevation 
in FGF23 is an adaptive response in the course of 
CKD, there is still controversy regarding whether 
high FGF23 also has maladaptive pathologic 
effects in advanced CKD (Fig. 15.4).

Interestingly, in a US-based national cohort 
of pre-dialysis patients with CKD, the risk 

associated with high FGF23 levels appeared 
stronger and more robust for heart failure than 
atherosclerotic events such as myocardial infarc-
tion and ischemic stroke [118]. Similar find-
ings were observed in other cohorts of elderly 
community- dwelling adults and in patients with 
coronary artery disease [119, 120]. These results 
indicate that there may be a certain phenotype 
of cardiovascular disease where FGF23 plays 
a key pathogenic role on its development and 
progression. Indeed, there are cumulative evi-
dence showing the link between high FGF23 
and LVH [125–128], an established risk factor 
for heart failure. Although the heart expresses 
little or no α-Klotho protein, the causal relation-
ship of FGF23 on LVH is supported by in vitro 
studies demonstrating FGF23-induced hyper-
trophy of cardiomyocytes and also by in  vivo 
studies showing the development of concentric 
LVH by both intravenous and intramyocardial 
FGF23 infusion [128, 129]. This noncanoni-
cal, klotho-independent effect of high FGF23 
on cardiac hypertrophy is shown to be medi-
ated through FGFR4  in the heart [128, 129].  
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Fig. 15.4 Klotho-dependent and Klotho-independent 
effects of FGF23  in ESRD.  Circulating FGF23 levels 
are markedly elevated among patients with ESRD due to 
multiple factors including response to chronic phosphate 
load, active vitamin D therapy, and PTH hypersecretion. 
In this setting, Klotho-dependent effects of FGF23 are 

largely attenuated by the loss of kidney function and the 
downregulation of αKlotho in the parathyroid gland, but 
FGF23 potentially exerts a hypertrophic effect on cardio-
myocytes in a Klotho-independent manner. (Modified 
from  reference [124])
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Indeed, the activation of FGFR4/calcineurin/
NFAT signaling induced cardiac hypertrophy, 
which was inhibited by a FGFR4-specific inhibi-
tor or a calcineurin inhibitor [128, 129]. A ret-
rospective, case-control study of myocardial 
autopsy also confirmed a strong association of 
LVH with enhanced expression levels of FGF23, 
FGFR4 and calcineurin, activation of NFAT, and 
reduced levels of soluble Klotho in the myo-
cardium in patients with CKD [130]. However, 
super-physiological levels of FGF23 may be 
necessary to exert its hypertrophic action given 
the low affinity of FGF23 to FGFRs [40–42], 
and indeed Klotho knockout mice also have 
extremely high FGF23 levels and exhibit car-
diac hypertrophy [44], a consistent observation 
in advanced CKD. Nevertheless, the associations 
of FGF23 with LVH and adverse outcomes have 
been reported even in populations where FGF23 
levels were not very high [119, 120, 125], and no 
clear difference in phenotypes between Klotho 
and FGF23 knockout mice has been reported 
so far [43]. Furthermore, anti-FGF23 antibody 
treatment did not decrease the increased gene 
expression of the heart hypertrophy markers in 
5/6-nephrectomized mice although it certainly 
improved hyperparathyroidism [131].

FGF23 may also exert a direct stimulatory 
effect on the renin-angiotensin system (RAS) 
through suppression of angiotensin-converting 
enzyme (ACE)-2 [53], a homologue of the ACE 
enzyme which cleaves angiotensin II to generate 
angiotensin 1–7 [132]. ACE2 and angiotensin 1–7 
counteract the unfavorable effects of angiotensin 
(i.e., vasoconstriction, sodium retention, fibrosis, 
oxidative stress, and inflammation) [133–135] 
and participate in maintaining the normal func-
tions of heart and endothelium [136, 137]. ACE2 
insufficiency has been linked to the development 
and progression of atherosclerosis, heart failure, 
LVH, and kidney disease [138–143]. FGF23 
also indirectly stimulates the RAS by decreasing 
1,25(OH)2D levels which suppresses the renin 
activity [144]. These data suggest an alternative 
mechanism, whereby FGF23 could exert nega-
tive effects on various adverse clinical outcomes 
including not only heart failure [118–120] but 
also atherosclerotic events [117–119] and the 
progression of CKD [113–115].

 Analytical Considerations 
of Measurement

Phosphorus is routinely measured in clinical 
laboratories by colorimetric methods with auto-
mated machines, and the results are generally 
precise and reproducible. Its serum concentrations 
are maintained approximately between 2.5 and 
4.5 mg/dL, with a small variation in the reference 
range depending on the laboratory. A majority of 
phosphorus in the body is stored in the bone and 
intracellular pool, and factors such as acid- base 
balance disorders and glucose/insulin can induce 
transcellular shifts of phosphate, changing serum 
concentrations despite the same total body phos-
phorus content. Hemolysis during sample collec-
tion results in falsely increased phosphorus levels. 
There is a diurnal and postprandial variation in 
serum phosphorus levels among individuals with-
out CKD [145, 146]. No such diurnal variation 
was observed among hemodialysis patients on 
non-dialysis days [147], but phosphate levels are 
higher after a longer period of dialysis. In an inter-
national cohort study of hemodialysis patients, 
samples collected before Monday or Tuesday 
sessions vs a Wednesday or Thursday sessions 
were higher only by 0.08 mg/dL [148]. However, 
another study showed that when compared within 
individuals, serum phosphorus levels were 1.3 mg/
dL higher after 3-day vs. 2-day intervals between 
hemodialysis sessions [149]. Therefore, trends 
of progressive increases or decreases, rather than 
individual values or their small variations, may be 
preferable for clinical decision-making [150].

Several FGF23 assays are currently avail-
able but limited to research purposes. The intact 
assays use monoclonal antibodies directed to the 
N- and C-terminal portions and thus detect only 
the intact molecule, while the C-terminal assay 
uses two polyclonal antibodies directed exclu-
sively to the C-terminal portion and detects both 
the intact molecule and the cleaved C-terminal 
fragments [151–153]. Although different FGF23 
assays yield highly correlated results, their abso-
lute values cannot be directly compared even 
among intact assays because of differences in the 
calibration [154, 155]. As with serum phospho-
rus levels, diurnal variation is observed in intact 
FGF23 levels among healthy subjects; intact 
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FGF23 peaks in the early morning and reaches 
its nadir in the evening with a mean decrease of 
30% [90]. Meanwhile, C-terminal FGF23 does 
not show such diurnal variation in both healthy 
subjects and pre-dialysis CKD patients [90, 156], 
suggesting that FGF23 actions are mainly regu-
lated by degradation rather than the production of 
FGF23 at least in the short term.

The values of FGF23 are also variably affected 
by ex  vivo proteolytic degradation of intact hor-
mone after blood draw, depending on several fac-
tors such as the assay, sample type (plasma vs. 
serum), time to measurement, and temperature. 
Plasma samples show decreasing intact FGF23 lev-
els and increasing C-terminal FGF23 levels after 
blood draw when kept at room temperature [91, 
92]. Unfortunately, so far there have been no clear 
reasons why C-terminal FGF23 levels increase over 
time. These changes can be prevented by adding 
broad-spectrum protease inhibitor cocktail but not 
by a furin inhibitor, suggesting that proteases other 
than furin are involved in FGF23 degradation [157, 
158]. When samples were stored at 4 or 22  °C, 
FGF23 levels, whichever intact or C-terminal, are 
stable in both serum and plasma samples up to 48 h 
with the caveat that serum samples stored at 22 °C 
show increased C-terminal FGF23 levels after 24 h 
[158]. Both plasma and serum FGF23 levels are 
stable against freezing and thawing up to 5 cycles, 
but long-term storage at −80  °C for 40  months 
induces some variability.

 Treatment

In the management of hyperphosphatemia, the 
mainstays of treatment include dietary phospho-
rus restriction, phosphate-binding drugs, and 
other medications that modulate the CKD-MBD 
axis, as well as adjustment of the dialysis pre-
scription [159].

 Dietary Phosphorus Restriction

Among non-dialysis-dependent CKD and ESRD 
patients receiving dialysis, the National Kidney 
Foundation Kidney Disease Outcomes Quality 

Initiative, European Best Practice Guidelines, 
and International Society of Renal Nutrition and 
Metabolism guidelines recommend daily phos-
phorus intake of 800–1000  mg per day [160–
162]. The net absorption of phosphorus in the 
gastrointestinal tract is approximately 40–80% 
per day, depending on an individual’s diet and 
modulation of intestinal absorption by hormones 
(e.g., calcitriol) [159].

Sources of dietary phosphorus largely exist in 
two forms, namely, (1) organic phosphorus pres-
ent in animal (e.g., casein) or plant (e.g., phytate) 
protein sources and (2) inorganic phosphate (e.g., 
phosphorus additives in processed foods) [159]. 
While animal protein sources of phosphorus 
have a bioavailability of 40–60%, the bioavail-
ability of plant sources is lower (20–40%) given 
that humans lack the degrading enzyme phytase. 
In contrast, the bioavailability of inorganic phos-
phorus is as high as 100%.

There is a strong positive relationship between 
dietary protein and phosphorus intake [163]. 
Among 73 Israeli CKD patients who under-
went food frequency questionnaire, the fol-
lowing regression equation was developed to 
characterize the relationship between dietary 
protein and phosphorus intake in this population: 
Dietary P (mg) = 128 mg P + (dietary protein in 
g) × 14 mg P/g protein [164]. Similarly, among 
107 US maintenance hemodialysis patients who 
underwent 3-day diet diaries, the following for-
mula was derived to characterize the association 
between dietary protein and phosphorus intake in 
this group: Dietary Phosphorus (P) (mg) = 78 mg 
P + (dietary protein) × 11.8 mg P/g protein [165]. 
While dietary protein restriction is typically 
advised among pre-dialysis CKD patients (0.6–
0.8  g/kg/day), it should be cautioned that the 
risk of restricting phosphorus intake by protein 
restriction may outweigh the benefit among dial-
ysis patients in whom higher dietary protein is 
recommended giving their underlying hypercata-
bolic states (>1.2 g/kg/day) [162]. While there are 
a number of benefits with respect to food addi-
tives (i.e., extension of shelf life, improvement in 
color and flavor, retaining moisture), restriction 
of processed food sources that have little to no 
protein may be preferable [159].
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 Phosphate Binders and Calcimimetics

Phosphate binders are a mainstay in the manage-
ment of hyperphosphatemia, particularly among 
dialysis patients with higher dietary protein tar-
gets. However randomized controlled trials com-
paring specific or combined classes of phosphate 
binders upon hard outcomes in pre-dialysis CKD 
and ESRD patients receiving dialysis have shown 
mixed findings [166]. Among three meta- analyses, 
sevelamer vs. calcium-containing phosphate bind-
ers were shown to demonstrate significantly lower 
death rates in pre-dialysis CKD and ESRD patients 
[167–169]. While these comparative effectiveness 
studies suggest lower mortality risk with sevelamer, 
there is lack of data showing that any phosphate 
binder reduces the risk for mortality compared to 
placebo [166]. Hence, rigorous trials are needed to 
determine whether sevelamer or any other phos-
phate binder is superior to placebo or another class 
of binders in improving hard outcomes.

 Dialysis

The amount of phosphate removed during con-
ventional thrice-weekly in-center hemodialysis 
with 4 h sessions ranges from 600 to 1200 mg 
per treatment session (i.e., 1800–3600  mg per 
week) [170]. In contrast, nocturnal hemodialysis 
may remove approximately 600 to 1200 mg per 
session (i.e., 3000 to 8400 mg per week). As a 
continuous modality, it is estimated that perito-
neal dialysis removal is 300 to 360 mg per day 
(i.e., 2100–2520 mg per week). Given that ESRD 
patients are advised to consume 800 to 1000 mg 
of phosphate per day (i.e., 5600–7000 mg) and 
likely ingest higher amounts (i.e., 1500 mg per 
day or 10,500 mg per week), the limited amount 
of phosphorus removal by dialysis alone is 
unlikely to achieve target phosphorus levels.
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Vitamin D and Parathyroid 
Hormone in Kidney Disease
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 Introduction

Chronic kidney disease (CKD) is a modern-day 
global epidemic [1]. CKD affects over 20 mil-
lion adults in the United States. CKD is associ-
ated with significant morbidity and mortality, 
and unfortunately the outcomes for patients 
with CKD and particularly for those with end-
stage renal disease (ESRD) remain poor. Mineral 
and bone metabolism disarray, referred to as 
chronic kidney disease-mineral bone disease 
(CKD- MBD), is common in CKD and is focused 
around the important roles of vitamin D and para-
thyroid hormone (PTH) [2, 3]. One of the great 
debates has centered around whether correct-
ing the abnormalities in vitamin D and PTH in 
CKD will improve outcomes in these patients. To 
understand this debate, it is important to review 
the epidemiology and pathophysiology of CKD-
MBD along with relevant clinical and research 
aspects of the diagnosis and treatment. In this 
chapter, we specifically focus on vitamin D and 
PTH as they relate to CKD.

 Pathophysiology

Serum calcium and phosphorous are mainly regu-
lated by vitamin D and PTH. Relatively recently, 
another hormone fibroblast growth factor 23 
(FGF-23) has also been discovered to play a criti-
cal role in phosphorous regulation [4]. Altered 
mineral bone metabolism in CKD is collectively 
known as CKD-MBD, and it encompasses (1) bio-
chemical abnormalities in calcium, phosphorous, 
PTH, vitamin D, and FGF-23, (2) alterations in 
bone morphological features (bone volume, turn-
over, and mineralization), and (3) soft tissue and 
vascular calcification (Fig. 16.1) [2, 5].

In healthy individuals, ultraviolet rays convert 
7-dehydrocholesterol to cholecalciferol in the 
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Fig. 16.1 Biochemical and clinical components of chronic 
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skin tissue [6–8]. The dietary forms of vitamin D 
are incorporated into chylomicrons and are trans-
ported into the venous circulation via the lym-
phatic system. In the liver, vitamin D undergoes 
hydroxylation to become 25-hydroxyvitamin 
D. 25-Hydroxyvitamin D is a major circulating 
form of vitamin D, and almost all of it is in the 
bound form (bound to vitamin D-binding protein 
[DBP] and albumin). This complex dissociates 
in the kidney tissue where 25-hydroxyvitamin D 
is converted to 1,25-dihyroxyvitamin D by the 
1α-hydroxylase enzyme. The 1α-hydroxylase 
enzyme is present in multiple extrarenal sites 
including the pancreas, brain, lymph nodes, 
heart, gastrointestinal tract, adrenal glands, and 
prostate gland.

The actions of 1, 25-dihyroxyvitamin D are 
mediated by binding to the intracellular vitamin 
D receptor. The main actions of active vitamin D 
include increasing enteric calcium and phospho-
rous absorption, stimulating bone osteoclast activ-
ity, and stimulating calcium reabsorption in the 
kidneys [8]. Renal 1α-hydroxylase is tightly regu-
lated by PTH, serum concentrations of calcium 
and phosphorous, and FGF-23. Hypocalcemia, 
hypophosphatemia, and hyperparathyroidism 
stimulate renal 1α-hydroxylase to increase the 
synthesis of active vitamin D that in turn sup-
presses PTH production. FGF-23 inhibits the 
expression of renal 1α-hydroxylase and blocks 
the production of active vitamin D.

CKD is characterized by abnormalities in 
vitamin D metabolism, hypocalcemia, hyper-
phosphatemia, secondary hyperparathyroidism, 
and elevations in FGF-23 [6]. The abnormalities 
in vitamin D metabolism encompass deficiency 
of 25-hydroxyvitamin D, 1,25-dihyroxyvitamin 
D deficiency, and resistance to the actions of 
vitamin D. As early as in stage 2 CKD, the serum 
25-hydroxyvitamin D levels begin to decline. 
This decline is attributed to reduced sun exposure, 
impaired skin synthesis of endogenous vitamin D 
partly due to hyperpigmentation and partly due to 
uremia, reduced intake of vitamin D rich foods, 
and impaired gastrointestinal absorption of vita-
min D. Proteinuric kidney diseases may lead to 
renal loss of vitamin D-binding protein, and in 
peritoneal dialysis patients, there may be a loss of 

vitamin D-binding protein in the peritoneal fluid. 
In addition to the deficiency of 25-hydroxyvi-
tamin D, CKD is also characterized by reduced 
renal and extrarenal 1-α hydroxylase activity. In 
addition to the deficiencies of 25-hydroxyvitamin 
D and 1,25-dihyroxyvitamin D, advancing CKD 
leads to a progressive loss of vitamin D receptor 
on the parathyroid gland inducing resistance to 
the actions of vitamin D.  Alterations explained 
above in vitamin D metabolism accompanied 
by hyperphosphatemia and hypocalcemia lead 
to increased synthesis and increased secretion 
of PTH leading to secondary hyperparathyroid-
ism. Osteocyte secretion of FGF-23 is increased 
in early stages of CKD and that reduces PTH 
expression.

Considering the high prevalence of cardiovas-
cular disease in patients with CKD and presence 
of CKD-MBD abnormalities, attention needs to 
be paid to the possible underlying pathophysi-
ology between CKD-MBD and cardiovascular 
disease [9]. Animals with vitamin D deficiency 
develop hypertension and cardiomegaly [10]. 
Vitamin D receptor deficient mice demonstrate 
increases in renin and angiotensin [11]. In animal 
models, vitamin D treatment attenuates cardiac 
hypertrophy, reduces end-diastolic pressures, 
attenuates inflammation, and improves cardiac 
contractility [12]. However, the concern for vas-
cular calcification is relevant to CKD and ESRD 
[13, 14]. In that regard, it is important to consider 
the dose–response relationship and differential 
effects of active vitamin D compounds on the 
biology of vascular calcification independent of 
increases in serum calcium and phosphorous. It is 
notable that a recent small study reported that the 
risk of calciphylaxis, a severe vascular calcifica-
tion disorder, is increased in patients treated with 
calcitriol but not in patients treated with selective 
vitamin D analogues such as paricalcitol or dox-
ercalciferol [15].

 Epidemiological Data

The epidemiological data regarding vitamin D 
and clinical outcomes suffer from the conundrum 
regarding definition of vitamin D deficiency. 
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The most recognized definitions of vitamin D 
status are tabulated in Table 16.1. The prevalence 
of vitamin D deficiency ranges between 20% and 
40% in the general population [16].

The history of medical application of vita-
min D dates back to the industrial revolution 
in Europe. As the work patterns evolved from 
being predominantly outdoors to indoors and 
the cities filled with smog, the sun exposure of 
populations was reduced. Many children and 
young adults began to develop skeletal deformi-
ties characteristic of rickets such as bowed legs 
and pigeon chest. These patients also demon-
strated high mortality. In the 1900s, two impor-
tant observations opened the doors for vitamin 
D investigation. One was an epidemiological 
observation that rickets was predominantly 
seen in persons from cities and not from rural 
areas suggesting that exposure to sun played 
an important role in its development. The sec-
ond one was that cod liver oil supplementation 
cured abnormalities of rickets in some patients 
suggesting that a micronutrient/vitamin that is 
present in diet was responsible for the resolu-
tion of skeletal abnormalities. These observa-
tions were subsequently followed by derivation 
of structure and molecular functions of vitamin 
D and its receptor. Later on it was realized that it 
is the interplay between PTH and vitamin D that 
was necessary for maintaining adequate body 
and circulating calcium levels. Recent attention 
has focused on bioavailable 25-hydroxyvitamin 
D (comprised of the free fraction plus albumin-
bound vitamin D) as bioavailable 25-hydroxyvi-
tamin D has been shown to be more strongly 
associated with serum calcium and parathyroid 
hormone levels than total 25-hydroxyvitamin 
D [17, 18]. Racial differences in genetic poly-
morphisms likely explain the differences in 
25-hydroxyvitamin D levels between white and 
black patients [19].

Multiple observational studies have reported an 
inverse association between 25- hydroxyvitamin 
D and clinical outcomes in populations with-
out CKD [20–22]. When compared to vitamin 
D sufficient patients, patients with vitamin D 
deficiency are reported to carry a two to three 
times increased risk of cardiovascular outcomes. 
However, these strong epidemiological observa-
tions have not translated to better outcomes in 
patients. Despite significant association between 
vitamin D deficiency and risk of hypertension, 
supplementation with vitamin D did not reduce 
blood pressure, and despite significant associa-
tion between vitamin D deficiency and risk of 
diabetes mellitus, supplementation with vitamin 
D did not reduce the risk and/or complications of 
diabetes mellitus [3, 6, 9, 23, 24].

In the ESRD population, vitamin D defi-
ciency is present in 70–80% of patients [6]. 
Vitamin D deficiency is reported to have even 
higher prevalence in the CKD population with 
estimates as high as 70–80% in some studies. 
Over 75% of incident dialysis patients have 
deficiency of vitamin D, and over 20% of these 
patients have 25-hydroxyvitamin D levels below 
10 ng/mL [25]. Vitamin D deficiency begins in 
earlier stages of CKD even before other abnor-
malities such as hyperparathyroidism become 
detectable [26].

Observational studies have reported an 
association between vitamin D deficiency and 
poor clinical outcomes in patients with CKD 
and ESRD.  Each 10 ng/ml reduction in serum 
25-hydroxyvitamin D level is associated with 
a 10–20% increase in mortality with most 
deaths attributed to cardiovascular disease [6, 
27]. Among the dialysis patients, combina-
tion of low 25-hydroxyvitamin D and elevated 
PTH was associated with even higher mortality 
compared to low 25-hydroxyvitamin D alone 
demonstrating the influence of reduced con-
version to 1,25-hydroxyvitamin D in the pres-
ence of elevated PTH in this population [28]. 
Although 1,25-hydroxyvitamin D levels were 
not reported in this study, the association with 
cardiovascular mortality was most prominent 
in patients with high parathyroid hormone 
levels suggesting that low conversion from 

Table 16.1 Definition of vitamin D status

Category Serum 25-hydroxyvitamin D level
Normal 30–80 ng/mL
Insufficient 20–30 ng/mL
Deficient <20 ng/mL
Toxic >80 ng/mL
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25-hydroxyvitamin D to 1,25-hydroxyvitamin 
D may predispose patients to the highest risks 
from adverse consequences of 25-hydroxyvita-
min D deficiency.

In observational studies, elevated serum lev-
els of phosphorus, calcium, parathyroid hor-
mone, and fibroblast growth factor 23 (FGF23) 
have also been associated with increased risk 
of cardiovascular events and increased mortal-
ity in dialysis patients. In addition to the car-
diovascular complications, CKD-MBD is also 
associated with a number of non-cardiovascular 
complications. Dialysis patients have a greater 
than twofold increased risk of skeletal fractures 
compared to general population, and this higher 
fracture rate is attributed to abnormalities in bone 
morphology due to vitamin D deficiency and 
secondary hyperparathyroidism. It is interest-
ing to note that despite these observational data 
with clinical outcomes, studies examining asso-
ciations between 25-hydrxyvitamin D levels and 
abnormalities in calcium, phosphorous, and PTH 
have not shown consistent associations [29]. One 
possible explanation for this discrepancy is based 
on the fact that 25-hydroxyvitamin D is a highly 
protein bound hormone with <1% in free form 
and the majority bound to DBP and a smaller 
fraction bound to albumin. Serum bioavailable 
25-hydroxyvitamin D (albumin-bound and free 
fraction combined) levels have been shown to 
have a better association with serum calcium and 
PTH than total 25-hydroxyvitamin D in dialysis 
patients.

 Randomized Controlled Trials

Considering the associations observed between 
CKD-MBD and poor outcomes, a natural ques-
tion is whether correcting these CKD-MBD 
biochemical abnormalities will provide clinical 
benefits. The potential limitations of observa-
tional studies can be best addressed by random-
ized controlled trials. In fact, the CKD and ESRD 
populations, with higher rates of cardiovascular 
events and skeletal complications, represent an 
optimal clinical setting to test the efficacy of 
interventions.

 Nutritional Vitamin D

Nutritional vitamin D includes the fungal-derived 
ergocalciferol and the animal-based cholecalcif-
erol. In a meta-analysis of five randomized con-
trolled trials, nutritional vitamin D treatment was 
associated with a significant increase in serum 
25-hydroxyvitamin D levels and an associated 
decline in PTH levels [30]. However, none of the 
studies reported outcomes related to cardiovas-
cular events, bone disease, or survival. In a recent 
randomized controlled trial of incident dialysis 
patients, nutritional vitamin D supplementa-
tion was associated with a nonsignificant reduc-
tion in all-cause mortality. In proteinuric CKD 
patients, nutritional vitamin D treatment led to 
a significant reduction in proteinuria, an indirect 
measure of cardiovascular and endothelial health 
[31]. Thus, recent data indicate possible benefit 
on endothelial dysfunction and albuminuria and 
argue for the need for larger studies.

 Active Vitamin D

In the setting of diabetic nephropathy, paricalci-
tol administration has been shown to reduce albu-
minuria and systolic blood pressure compared 
with placebo [32]. Whether the improvements 
in proteinuria seen with active vitamin D cor-
respond with improved clinical outcomes needs 
further investigation [33].

Important insights into the actions of active 
vitamin D on cardiac function and structure are 
available from the Paricalcitol Capsule Benefits 
in Renal Failure–Induced Cardiac Morbidity 
(PRIMO) trial [34]. This study aimed to exam-
ine the effects of paricalcitol on left ventricu-
lar mass index in patients with moderate CKD 
who had left ventricular hypertrophy. Active 
vitamin D treatment in the PRIMO trial did not 
alter left ventricular mass index. Interestingly, 
paricalcitol treatment was associated with fewer 
cardiovascular- related hospitalizations and atten-
uated the increase in brain natriuretic peptide 
levels.

The effects of active vitamin D treatment on 
clinically relevant skeletal outcomes such as falls 
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and fractures are also limited, and studies suf-
fer from the limitation of small sample size. In a 
meta-analysis, rates of fractures, bone pain, and 
surgical parathyroidectomy were not altered by 
active vitamin D treatment.

 Cinacalcet

Cinacalcet, a calcimimetic agent, reduces PTH 
levels by binding to the calcium-sensing receptor 
on the parathyroid gland and simulating a hyper-
calcemic state in the setting of normal serum 
calcium levels. Cinacalcet offers the potential to 
control PTH without the risk of hypercalcemia or 
hyperphosphatemia. In the EVOLVE trial, main-
tenance hemodialysis patients with moderate-
to- severe secondary hyperparathyroidism were 
randomized to cinacalcet or placebo [35]. This 
trial found that PTH levels were more suppressed 
in the calcimimetic arm; however, no differences 
were noted for mortality and other cardiovascu-
lar events (except calciphylaxis). A high rate of 
treatment crosses over limits conclusions, but 
overall the promise was not fulfilled.

 Surgical Parathyroidectomy

There are no data from randomized controlled tri-
als regarding parathyroidectomy vs. cinacalcet in 
ESRD patients. The observational data regarding 
parathyroidectomy and outcomes in the ESRD 
patients are exciting and warrant further investi-
gation. In a Japanese study, >30% reduction in 
1-year mortality was noted following parathy-
roidectomy [36].

 Practical Considerations 
for Treatment

The target values for serum calcium, phospho-
rous, and PTH for CKD and ESRD patients are 
summarized in Table 16.2. In the absence of con-
sistent evidence for treatments to control PTH and 
vitamin D, the medical community has relied on 
guidelines and expert opinions to manage patients 

with and at risk for CKD-MBD [37]. It is worth 
noting that the guidelines are constantly evolving 
in this area and emphasize the uncertainty that cli-
nicians face as they treat patients [38].

 Nutritional Vitamin D

Guidelines and expert opinion suggest treatment 
with nutritional vitamin D for stage 3 and 4 CKD 
patients with secondary hyperparathyroidism if 
25-hydroxyvitamin D levels are <30 ng/mL.

• Measure serum 25-hydroxyvitamin D levels 
annually.

• Dose – Ergocalciferol 50,000 units of once 
a week for 4  weeks followed by the same 
dose once a month for 4  months if 
25-hydroxyvitamin D levels are below 15 ng/
mL; 50,000 units once a month for 6 months if 
levels are 20–30 ng/mL. Patients with levels 
≥30 ng/ml should be continued on a mainte-
nance dose of oral ergocalciferol at 50,000 IU 
once per month. Oral cholecalciferol at 1000–
2000  IU daily can be used as an alternative 
maintenance dose.

• Monitoring – Serum calcium and phosphorus 
should be monitored every 3  months. The 
need for continuing therapy with ergocalcif-
erol is to be reevaluated annually.

• Nutritional vitamin D supplements should be 
held if the serum 25(OH) vitamin D level is 
>100 ng/mL or serum calcium level >10.5 mg/dl.

Table 16.2 Target values for chronic kidney disease- 
mineral bone disease (CKD-MBD) parameters per Kidney 
Disease: Improving Global Outcomes (KDIGO) 
guidelines

Category
Target for CKD 
patients

Target for 
ESRD patients

Serum 
calcium

Normal range Normal range

Serum 
phosphorous

Normal range Normal range

Serum PTH No target but begin 
therapy when 
progressive rise in 
PTH

2–9 times the 
upper limit of 
normal

Abbreviations: CKD chronic kidney disease, ESRD 
end- stage renal disease, PTH parathyroid hormone
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 Active Vitamin D

Expert recommendations and guidelines sug-
gest adding active vitamin D analogues in the 
management of CKD-MBD in ESRD patients if 
PTH elevation persists despite dietary phosphate 
restriction, phosphate binders, and nutritional 
vitamin D treatment. A recent Kidney Disease: 
Improving Global Outcomes (KDIGO) contro-
versies conference suggests treatment with active 
vitamin D in patients with CKD stages 3–5 not 
on dialysis when there is progressive rise in 
serum PTH.

 Cinacalcet and Surgical 
Parathyroidectomy

Cinacalcet is typically administered in patients 
with ESRD with persistent hyperparathyroid-
ism despite active vitamin D treatment or when 
hyperphosphatemia and/or hypercalcemia limit 
application of vitamin D treatment. Surgical 
parathyroidectomy is reserved for hyperpara-
thyroidism that is refractory to medical thera-
pies in ESRD patients. However, the threshold 
PTH for surgery is not clearly established, and 
patients who undergo parathyroidectomy in this 
setting typically have PTH elevations exceeding 
1000 pg/mL. The European Renal Best Practice 
group recommends against the routine use of 
cinacalcet in the ESRD patients noting the risks 
do not justify benefits.

 Conclusion

A cascade of alterations in calcium, phosphorous, 
FGF-23, PTH, and vitamin D lead to a disordered 
state of mineral metabolism in CKD. Despite the 
exciting experimental and observational data, 
randomized controlled trials have not convinced 
the community regarding the efficacy of currently 
available treatments. However, considering the 
risk of metabolic bone disease and cardiovascu-
lar complications associated with CKD-MBD, 
attempts to regulate the biochemical abnormali-
ties remain central to the management of CKD.
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Management of Bone Disorders 
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 Introduction

In healthy individuals, normal serum con-
centrations of phosphorus and calcium are 
maintained through the interaction of three hor-
mones: parathyroid hormone (PTH), calcitriol 
(1,25(OH)2D3), and fibroblast growth factor 23 
(FGF-23). These hormones act on four primary 
target organs: bone, kidney, intestine, and para-
thyroid glands. The kidneys play a critical role in 
the regulation of serum calcium and phosphorus 
concentrations as well as these three hormones. 
In patients with chronic kidney disease (CKD), 
increased PTH concentrations are generally the 
first clinically measured abnormality observed 
in patients with evolving CKD; however, FGF-
23 increases prior to PTH [1, 2]. Shortly follow-
ing the increases in FGF-23 and PTH, calcitriol 
concentrations will fall [1]. Changes in these 
hormones in the early stages of the CKD are an 
adaptive mechanism to help maintain the serum 
phosphorus and calcium concentrations in the 
normal range. It is not until the development of 
CKD stages 4–5 (glomerular filtration rate less 

than 30 mL/min/1.73m2) that measurable abnor-
malities of calcium and phosphorus become 
apparent [1].

With progression of CKD, these compensatory 
responses become unable to maintain normal min-
eral homeostasis, resulting in [1] altered concen-
trations of calcium, phosphorus, PTH, calcitriol, 
and FGF-23, [2] disturbances in bone remodeling 
and mineralization (renal osteodystrophy) and/or 
impaired linear growth in children, and [3] extra-
skeletal calcification in soft tissues and arteries. 
In 2006, the term chronic kidney disease-mineral 
and bone disorder (CKD- MBD) was developed by 
the Kidney Disease Improving Global Outcomes 
(KDIGO) work group to describe this triad of 
abnormalities in biochemical measures, skeletal 
abnormalities, and extra-skeletal calcification [3]. 
Of note, osteoporosis was not defined as an inde-
pendent skeletal disorder and should not be treated 
without considering the other metabolic disorders 
associated with CKD-MBD [3, 4]. The updated 
2017 guidelines do recommend obtaining bone 
mineral densitometry in patients with CKD stages 
3–5 if they have other risk factors for osteoporotic 
fractures; however, the results do not predict the 
specific bone lesion but may be useful for deciding 
to proceed with a bone biopsy [5]. The abnormali-
ties that constitute CKD-MBD are interrelated in 
both the pathophysiology of the disease and the 
response to treatment. All three components of 
CKD-MBD are associated with increased risk of 
fractures, cardiovascular disease, and mortality in 
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patients with advanced CKD. Treatment of CKD-
MBD focuses on the prevention and correction of 
these hormonal abnormalities.

 Pathophysiology of Chronic Kidney 
Disease-Mineral Bone Disorder

Parathyroid hormone, calcitriol, and FGF-23 
work together to maintain normal phosphate 
and calcium homeostasis to achieve appropri-
ate balance in the blood and urine so as to avoid 
extra- skeletal calcification and ensure adequate 
availability of these ions for bone remodel-
ing. This response is a very complex system of 
multiple integrated feedback loops and is easier 
to understand if broken into loops that regulate 
phosphate, calcium, and calcitriol. Both PTH 
and FGF-23 have similar effects in stimulating 
renal phosphate excretion [6]. However, these 
hormones differ in their effects on vitamin D 
metabolism. Parathyroid hormone stimulates 
CYP27B1 activity, thus increasing the produc-
tion of calcitriol, which in turn negatively feeds 
back on the parathyroid gland to decrease PTH 
secretion. In contrast, FGF-23 inhibits CYP27B1 
and stimulates CYP24, thereby decreasing the 
production and increasing the deactivation of cal-
citriol and which results in limiting further secre-
tion of FGF-23, as calcitriol normally stimulates 
FGF- 23 production [7].

As CKD progresses, there is decreased renal 
phosphate excretion resulting in an increased 
phosphate load causing increases in both PTH 
and FGF-23 [1, 2]. Both the elevated PTH and 
FGF-23 increase urinary phosphate excretion 
through downregulation of the sodium-phosphate 
(NaPi) transporters [6]. Parathyroid hormone 
also increases renal calcium reabsorption pre-
venting the worsening of hypocalcemia as well 
as minimizing the possibility of high urinary cal-
cium and phosphate concentrations. Parathyroid 
hormone also stimulates the secretion of FGF-23 
from osteocytes, and the increased FGF-23 inhib-
its PTH gene expression and secretion [7–9].

Hypocalcemia is a potent stimulator of 
PTH and blunts FGF-23 release [10]. Thus, the 
decrease in FGF-23 release would result in less 

FGF-23 inhibition of both PTH and calcitriol 
synthesis thus offsetting the development of 
hypocalcemia. This process would maximize 
both the PTH effects to increase renal calcium 
reabsorption, increase bone resorption, and 
enhance calcitriol stimulation of intestinal cal-
cium absorption with the goal of normalizing 
serum calcium concentrations. Hypercalcemia 
would stimulate FGF-23 (which reduces PTH 
and calcitriol synthesis) as well as directly inhibit 
calcitriol synthesis and PTH secretion [7]. The 
result is decreased intestinal calcium absorption, 
renal calcium reabsorption, and bone resorption.

 Diagnosis of Chronic Kidney 
Disease-Mineral Bone Disorder

 Parathyroid Hormone

Parathyroid hormone concentration in plasma or 
serum serves not only as an indicator of abnor-
mal mineral metabolism in CKD-MBD but also 
as a noninvasive biochemical sign for the ini-
tial diagnosis of renal osteodystrophy, the bone 
component of CKD-MBD. Parathyroid hormone 
measurements also can be a useful index for mon-
itoring the evolution of renal osteodystrophy and 
can serve as a surrogate measure of bone turnover 
in patients with CKD.  Although the sensitiv-
ity and specificity of PTH as a marker of bone 
remodeling are not ideal, it appears to be the best 
biomarker currently available [11]. Unfortunately, 
it is not clear what the optimal PTH concentration 
should be at each stage of CKD. Thus, guidelines 
recommend using the same PTH assay for all 
measurements and evaluating trends rather than 
targeting precise levels [4, 5].

 Vitamin D

Calcidiol concentrations are generally measured 
by immunoassays, although the gold standard for 
calcidiol measurement is high-performance liq-
uid chromatography (HPLC), which is not widely 
available clinically. Similar to PTH, the optimal 
concentration of calcidiol in CKD-MBD is not 
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well defined. Vitamin D deficiency is associated 
with hyperparathyroidism in patients with normal 
kidney function and plays a role in CKD. Higher 
concentrations of calcidiol are required to maxi-
mally inhibit PTH with worsening CKD [12]. 
Calcitriol concentrations are universally low [1] 
and are generally not measured, except in the set-
ting of hypercalcemia.

 FGF-23

FGF-23 is currently measured primarily with two 
different assays: one which measures the intact 
hormone as well as C-terminal fragments and 
a second assay that detects the intact hormone. 
Although these two assays appear comparable in 
the association with clinical events at this time, 
they have poor agreement because of differences 
in FGF-23 fragment detection, antibody specific-
ity, and calibration. From a clinical perspective, 
more data are required prior to the use of FGF-23 
measurements for routine clinical management.

 Bone-Specific Alkaline Phosphatase

Bone-specific alkaline phosphatase (BALP) is 
not renally cleared. BALP concentrations have 
relatively good correlation with bone formation 
in CKD and may be additive to the interpreta-
tion of parathyroid hormone measurements [4]. 
However, its concentration has limited ability as 
an independent measurement [11].

 Bone Biopsy Assessment in Chronic 
Kidney Disease-Mineral Bone 
Disorder

The definitive method for establishing the spe-
cific type of renal osteodystrophy in individual 
patients requires bone biopsy [3–5, 11], an inva-
sive diagnostic procedure, and access to spe-
cialized laboratory personnel and equipment 
capable of providing assessments of bone histol-
ogy. Abnormalities of bone quality and quantity 
are common in CKD-MBD, leading to fractures 

and impaired growth in children. Clinically, bone 
biopsies are most useful for differentiating bone 
turnover as well as bone volume and mineraliza-
tion. KDIGO recommends that the definition of 
renal osteodystrophy be limited to describing the 
alterations of bone morphology in patients with 
CKD and is one measure of the skeletal compo-
nent of the systemic disorder of CKD-MBD that 
can be quantifiable by histomorphometry [3–5]. 
Three key histologic descriptors—bone turnover, 
mineralization, and volume (TMV system)—
with any combination of each of the descriptors 
possible in a given specimen were developed to 
classify bone biopsies and help guide therapy [3].

Turnover reflects the rate of skeletal remod-
eling, which is normally the coupled process of 
bone resorption and bone formation. Bone turn-
over is affected mainly by hormones, cytokines, 
mechanical stimuli, and growth factors that influ-
ence the recruitment, differentiation, and activ-
ity of osteoclasts and osteoblasts. Mineralization 
reflects how well bone collagen becomes cal-
cified during the formation phase of skeletal 
remodeling. Causes of impaired mineralization 
include inadequate vitamin D, mineral (calcium 
or phosphate) deficiency, acidosis, and bone alu-
minum toxicity. Volume indicates the amount of 
bone per unit volume of tissue, and an imbal-
ance in bone resorption and formation can affect 
bone volume. For example, if resorption exceeds 
formation, negative bone balance and decreased 
bone volume result. Determinants of bone vol-
ume include age, sex, race, genetic factors, nutri-
tion, endocrine disorders, mechanical stimuli, 
toxicities, neurologic function, vascular supply, 
growth factors, and cytokines. Osteoporosis 
would indicate low bone volume and could be 
diagnosed via a biopsy. Two large-scale analy-
ses utilizing the TMV system revealed that this 
classification system provides clinically relevant 
information [11, 13].

 Dual-Energy X-Ray Absorptiometry

Dual-energy X-ray absorptiometry (DXA) 
measures areal bone mineral density (aBMD) 
in g/cm2 using minimal radiation and rapid 
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scan times. Bone mineral density assessment 
by DXA has good reproducibility (<1–2% 
coefficient variation) and reliable reference 
ranges for age, sex, and race. In the general 
population, aBMD measured by DXA can be 
used clinically to define osteoporosis and is an 
accepted surrogate end point after prospective 
studies demonstrated an age-dependent predic-
tive value of DXA for fractures [14]. However, 
DXA has not been found to be as sensitive and 
specific to assess fracture risk across the spec-
trum of CKD, in part as it cannot assess bone 
quality [15, 16]. The KDIGO guidelines recom-
mend DXA to assess fracture risk in patients 
with CKD stage 1 through stage 3a, as long 
as biochemical testing does not suggest CKD-
MBD [3, 5]. However, for patients with CKD 
stages 3b through 5, the current guidelines rec-
ommend DXA testing to assess fracture risk 
if results will impact treatment decisions [5]. 
Although previous studies and a meta-analysis 
demonstrated that DXA testing may have been 
lower in patients with CKD and a history of 
fracture, there is considerable overlap in aBMD 
results such that aBMD provides poor fracture 
discrimination in individuals [17]. Subsequent 
studies have demonstrated that aBMD was able 
to predict fractures in patients with CKD G3 
to G5 [18, 19]. However, DXA cannot make a 
specific diagnosis as to why there is low bone 
density. Unlike patients with normal kidney 
function and a low DXA being classified as 
having osteoporosis, patients with CKD and 
low bone density should not be routinely treated 
with anti- osteoporosis therapies [3–5, 15].

 Management of Chronic Kidney 
Disease-Mineral Bone Disorder

The primary objective of therapy is to correct 
the underlying pathophysiologic disturbances 
in mineral metabolism with the goal to prevent 
the development of severe hyperparathyroidism, 
fractures, and extra-skeletal mineralization. The 
KDIGO working group has published guidelines 
for managing CKD-MBD [4, 5].

 Hyperparathyroidism

Most recently the KDIGO guidelines recom-
mend measuring the serum calcium, phospho-
rus, alkaline phosphatase, and PTH at least 
once in persons with a glomerular filtration 
rate (GFR) <45 ml/min/1.73m2. In people with 
GFR <45  ml/min/1.73  m2 (GFR categories 
3B–5/5D), the optimal PTH level is not known. 
In non- dialysis- dependent patients, it is sug-
gested that levels of intact PTH above the upper 
normal limit of the assay are first evaluated for 
hyperphosphatemia, hypocalcemia, and vitamin 
D deficiency. If any of these metabolic disor-
ders are present, then initial therapy would be 
directed at correcting them [5]. In patients with 
CKD stage 5 undergoing dialysis, it is suggested 
to maintain PTH concentrations in the range 
of approximately two to nine times the upper 
normal limit for the specific assay. If there are 
marked changes in PTH levels in either direction 
within this range, therapy should either be initi-
ated or altered to prevent progression to levels 
outside of this range [5]. An important element 
of the recent KDIGO guidelines is the recom-
mendation to make clinical decisions on manag-
ing the PTH level on the change in PTH “trend 
over time” rather than a single measurement. 
This suggestion is in part due to the variabil-
ity in PTH levels from day to day or from time 
of day and in part due to the variability among 
laboratories in the PTH immunoassay [20]. 
Thus, the clinical decisions in the management 
of a chronic disease such as secondary hyper-
parathyroidism should be made over time as 
well. Options for the treatment of hyperparathy-
roidism in CKD include controlling the serum 
phosphorus and/or serum calcium concentra-
tion, pharmacological use of agents that reduce 
PTH secretion by altering the calcium-sensing 
receptor which includes specific active vita-
min D analogs or the calcimimetics, or surgical 
parathyroidectomy. Thus, the updated clini-
cal guidelines recommend that PTH-lowering 
therapy should include the use of calcimimetics, 
calcitriol, or other active vitamin D analogs or 
a combination of calcimimetics with calcitriol 

S. M. Sprague



235

or active vitamin D analogs, without prioritiz-
ing therapy other than parathyroidectomy being 
considered when medical therapy fails [5].

 Phosphate Management

Practice guidelines suggest maintaining serum 
calcium and phosphorous with the normal range 
via dietary restriction and/or administration of 

phosphate binders [4, 5]. The use of vegetarian 
products as well as protein restriction is com-
monly suggested to limit phosphate intake [4]. 
However, diet is often insufficient to reach a 
desirable control of serum phosphate levels, 
and a wide range of phosphate binders are now 
available (Table 17.1). Aluminum-based binders 
are very effective; however, due to their poten-
tial toxicity, they have been replaced by other 
mineral- based and polymer-based phosphate 

Table 17.1 Phosphate binders

Phosphate binder Clinical considerations Relative phosphate bindinga

(per gram binder)
Aluminum 
hydroxide

Very effective
Well tolerated
Liquid
Low cost
Risk of aluminum intoxication

1.9

Calcium 
carbonate

Effective
High pill burden
Risk of hypercalcemia
Not recommended for patients with low PTH or vascular 
calcifications

1.0

Calcium acetate Similar to calcium carbonate
Slightly lower calcium load than calcium carbonate

1.0

Magnesium 
carbonate

Effective
Anti-constipating
Diarrhea
Hypermagnesemia

1.7

Sevelamer 
hydrochloride

Effective
Calcium-free resin
High pill burden
Lipid and uric acid lowering
May bind bile acids and fat-soluble substances
May worsen metabolic acidosis

0.75

Sevelamer 
carbonate

Effective
Calcium-free resin
High pill burden
Lipid and uric acid lowering
May bind bile acids and fat-soluble substances

0.75

Lanthanum 
carbonate

Effective
Low pill burden
Must be chewed
GI side effects

2.0

Sucroferric 
oxyhydroxide

Effective
Low pill burden
Must be chewed
Diarrhea

3.0

Ferric citrate Effective
High pill burden
Iron absorption, may require less IV iron
Diarrhea

0.9

aRelative phosphate binding capacity relative to calcium carbonate
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binders [21]. Thus, guidelines suggest limit-
ing the use of aluminum-based phosphate bind-
ers for cases of severe hyperphosphatemia and 
for a short period of time [4]. When compared 
to placebo, all available phosphate binders have 
been shown to lower serum phosphate to a simi-
lar extent [22–26]. However, differences among 
the drugs exist, which includes changes in serum 
calcium, effect on PTH control, and pill burden 
[22, 24–26]. Preliminary data also suggest that 
phosphate restriction and calcium-free phosphate 
binders may reduce FGF-23 [21, 27]. Although 
the clinical relevance of different biochemical 
profiles still needs to be elucidated, some lines 
of evidence suggest that calcium-based phos-
phate binders may accelerate vascular calcifica-
tion deposition and progression when compared 
to calcium-free phosphate binders [28]. There is 
some evidence that calcium-free phosphate bind-
ers are associated with better survival when com-
pared to calcium-based phosphate binders [29], 
and current guidelines advise restricting the use 
of calcium-containing binders [5].

 Vitamin D

Nutritional vitamin D, calcifediol, calcitriol, 
and other vitamin D analogs are used in patients 
with CKD to prevent and treat secondary hyper-
parathyroidism (Table 17.2). Despite theoretical 
benefits of raising 25-hydroxyvitamin D levels 
with nutritional vitamin D (e.g., ergocalciferol 
and cholecalciferol) in CKD stage 3–4 patients, 

there has been limited effectiveness in correct-
ing hyperparathyroidism [30, 31]. However 
extended release calcifediol has been shown to 
effectively increase vitamin D levels and cor-
rect hyperparathyroidism in these pre-dialysis 
patients [32]. Unfortunately, there are no trials in 
dialysis patients nor large long-term randomized 
controlled trials in patients with earlier stages of 
CKD supporting an improvement in PTH [33, 
34]. Calcitriol and other active analogs, alpha-
calcidol, doxercalciferol, and paricalcitol, have 
all been demonstrated to effectively treat hyper-
parathyroidism in CKD stages 3–4 [35–38]. It 
was claimed that these analogs provided effec-
tive control of PTH without causing hypercalce-
mia or hyperphosphatemia compared to calcitriol 
[35, 36]. However, in the only prospective study 
comparing one of these analogs (paricalcitol) 
with calcitriol, there was equivalent control of 
PTH with no difference in the development of 
hypercalcemia or hyperphosphatemia [39]. Thus, 
guidelines do not differentiate the use of any of 
these compounds in CKD stages 3–4 [5].

In patients undergoing chronic dialysis, cal-
citriol and the other active analogs, alphacalcidol, 
doxercalciferol, and paricalcitol, have all been 
shown to lower PTH concentrations. Among 
patients undergoing chronic hemodialysis, the use 
of intravenous doses given thrice weekly during 
each dialysis session became a common practice, 
especially in the United States. This practice was 
supported by a meta-analysis which found that 
the parenteral forms of active vitamin D analogs 
were superior to the oral form in reducing PTH 

Table 17.2 Comparison of vitamin D therapies

Class Sterol Comment Effect on blood levels
25-D Ca/Phos PTH

Nutritional vitamin D Cholecalciferol D3 animal source Mild Inc None Mild Dec
Ergocalciferol D2 plant source Mild Inc None Mild Dec

Vitamin D Calcifediol 25(OH)D3 D3 prohormone Mod Inc None Mod Dec
Vitamin D receptor 
agonists (VDRA)

Calcitriol
1,25(OH)2D3

D3 natural analog Mild Dec Mod Inc Marked Dec

Alphacalcidol
1(OH)D3

D3 synthetic 
prohormone

Mild Dec Mod Inc Marked Dec

Doxercalciferol
1(OH)D2

D2 synthetic 
prohormone

Mild Dec Mod Inc Marked Dec

Paricalcitol
19nor,1,25(OH)2D2

D2 synthetic analog Mild Dec Mod Inc Marked Dec
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concentrations [40]. However, when one study 
that used very high doses of intravenous analogs 
was removed from the meta-analysis, there were 
no differences in the PTH concentrations. Thus, 
the evidence supporting the use of large inter-
mittent intravenous doses of vitamin D analogs 
is limited. Thus, the recent therapeutic trend is 
to use oral forms of calcitriol and its analogs. As 
previously discussed, KDIGO guidelines recom-
mend maintaining PTH concentrations between 
two and nine times the upper limit of normal in 
dialysis patients [4, 5]. Both the oral and intrave-
nous formulations of the active vitamin D analogs 
increase the risk of hypercalcemia, especially as 
the PTH decreases and the updated guidelines 
recommend decreasing or stopping analogs as 
the calcium increases [5].

 Calcimimetics

Calcimimetics are agents for the treatment of 
hyperparathyroidism that bind to and activate the 
calcium-sensing receptor (CaSR) resulting in a 
decrease in PTH production and release [41–44]. 
Currently available calcimimetics include cina-
calcet hydrochloride which is a small organic mol-
ecule that is orally administered with a relatively 
short half-life [41, 42, 45], whereas etelcalcetide 
is a parenterally administered synthetic peptide 
with a longer half-life which can be administered 
thrice weekly at the end of hemodialysis [43, 44]. 
As opposed to the active vitamin D analogs, these 
agents are effective in lowering PTH concentra-
tions while also decreasing serum and phosphate 
concentrations. In the pivotal phase 3 study, treat-
ment of uncontrolled secondary hyperparathy-
roidism with cinacalcet or placebo for 26 weeks 
resulted in a greater proportion of patients in the 
cinacalcet arm achieving PTH concentrations 
≤250  pg/mL with better control of serum cal-
cium and phosphorous [41]. Subsequent studies 
further demonstrated efficacy of cinacalcet as 
monotherapy to suppress PTH when compared 
with active vitamin D analogs [46]. Furthermore, 
cinacalcet therapy was associated with a decrease 
in FGF-23 as opposed to an increase seen in those 
treated with the active vitamin D analogs [47]. 

Clinical studies with etelcalcetide demonstrated 
similar results as those with cinacalcet when 
compared to placebo [44] and were non-inferior 
to cinacalcet [43]. Notably, in all these studies, 
mild-to-moderate hypocalcemia, nausea, and 
vomiting were common, albeit easily managed, 
side effects. Unfortunately, the EVOLVE study, 
which was the largest placebo- controlled, dou-
ble-blind clinical trial with cinacalcet conducted 
in dialysis patients with secondary hyperparathy-
roidism designed to evaluate hard outcomes, was 
not able to meet the primary endpoint (i.e., time 
until death, myocardial infarction, hospitalization 
for unstable angina, heart failure, or peripheral 
vascular event) [48]. However, serum concentra-
tions of PTH, calcium, phosphate, and FGF-23 
were better controlled among patients allocated 
to cinacalcet [48]. Current recommendations are 
that calcimimetics should only be used in dialy-
sis patients as when administered to pre-dialysis 
CKD patients they will increase serum phospho-
rus and decrease serum calcium [5, 49, 50].

 Parathyroidectomy

In both CKD and dialysis patients with severe 
hyperparathyroidism who fail to respond to 
medical therapy, parathyroidectomy is recom-
mended [5]. Successful parathyroidectomy can 
yield a dramatic reduction in PTH concentra-
tions and clinical symptoms. Furthermore, some 
investigators have reported that parathyroid-
ectomy may be more cost-effective than calci-
mimetics in treating patients with uncontrolled 
hyperparathyroidism [51]. However, an analysis 
of 4435 hemodialysis patients undergoing para-
thyroidectomy demonstrated a 2% periopera-
tive mortality rate and a 39% increase in overall 
hospitalizations in the subsequent year [52]. 
Another retrospective review of dialysis patients 
with severe and unresponsive hyperparathyroid-
ism indicated that parathyroidectomy did not 
improve cardiovascular outcomes compared with 
standard medical treatment [53]. Furthermore, in 
some instances hyperparathyroidism may persist 
after parathyroidectomy because of incomplete 
resection or because of ongoing PTH secretion 
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from autotransplanted parathyroid tissue. Thus, 
recommendations are that parathyroidectomy be 
reserved to when medical therapy fails [5].

 Treatment of Osteoporosis in CKD

Clinical studies evaluating all the approved 
pharmacologic therapies for osteoporo-
sis included subjects with CKD stages 1–3a 
(GFR  >45  ml/min/1.73m2). Thus, osteoporosis 
management should not differ in CKD stages 
1–3a as it is in persons without CKD, as long as 
there are no biochemical markers suggestive of 
the presence of CKD- MBD [3, 5, 54]. There is 
a lack of data demonstrating fracture risk reduc-
tion in patients with CKD stages 3b–5, with the 
exception of a few post hoc analyses in a small 
number of patients from the registered cohorts 
for postmenopausal osteoporosis. Approved anti-
osteoporosis agents include calcitonin, estrogens, 
selective estrogen receptor modulators, bisphos-
phonates, teriparatide, abaloparatide, and deno-
sumab (Table 17.3).

 Anti-resorptive Agents

Anti-resorptive agents have a common pathway 
resulting in the inhibition of bone resorption. 
Available anti-resorptive agents include calcito-
nin, estrogens, selective estrogen receptor modu-
lators, bisphosphonates, and denosumab. Each 
anti-resorptive agent has its own unique mecha-
nism of action. Since bisphosphonates and deno-
sumab are the most widely used anti-resorptive 
agents for osteoporosis, these agents will be fur-
ther discussed. Bisphosphonates are biological 
analogs of naturally occurring pyrophosphates 
(P-O-P), degradation products of adenosine tri-
phosphate (ATP) metabolism. Pyrophosphates are 
rapidly metabolized by the ubiquitous presence of 
pyrophosphatases, while bisphosphonates (P-C-P) 
are not metabolized [55]. Bisphosphonates are 
rapidly taken up by the bone and inhibit bone 
resorption by two mechanisms: a physiochemical 
one by stabilizing the calcium- phosphorus surface 
and a cellular one by inhibiting osteoclast activ-

ity. Bisphosphonates are cleared by the kidney 
by both glomerular filtration and active proximal 
tubular secretion. Bisphosphonates are retained in 
the bone in the remodeling resorption cavity, and 
the amount of bisphosphonate retained is prob-
ably a function of the rate of bone turnover and 
the GFR. While oral bisphosphonates are poorly 
(<1%) absorbed, approximately 50% is renally 
excreted. Intravenous bisphosphonates have a 

Table 17.3 Use of osteoporosis therapeutic agents in 
chronic kidney disease-mineral bone disorder

Estrogen
  Potential use in hypogonadism
  Safety data lacking
  Increased drug half-life
  Increases BMD, no fracture data
Selective estrogen receptor modulators (SERMs)
  Safety data lacking
  Efficacy unknown
  Post hoc analysis appears to be similar vertebral 

fracture protection in CKD 3
Calcitonin
  Efficacy unknown
  Probably safe
Bisphosphonates
  Post hoc analysis efficacious for stabilizing/

increasing BMD in CKD 3–4
  Effect on fracture rate in advanced CKD subset is 

unknown
  May be useful in treating calciphylaxis
  Theoretically dangerous in low-turnover bone 

disease
  Safety data not available
  Prolonged T1/2
  Removed by dialysis
  Consider bone biopsy prior to use to further 

evaluate CKD-MBD
Teriparatide (1–34 parathyroid hormone analog)
  Limited data
  Improved BMD in patients with low bone turnover
Abaloparatide (1–34 parathyroid hormone-related 
protein analog)
  No data in CKD
  Likely the same as teriparatide
Denosumab (monoclonal antibody to RANK-L)
  Women with CKD 3 had similar vertebral fracture 

reduction as normal
  May have exaggerated increase in PTH
  Safety data are not available
Romosozumab (monoclonal antibody to sclerostin)
  No published data in CKD
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100% bioavailability, also with 50% being renally 
excreted [55, 56]. Thus, in patients with CKD stage 
3 who have a low bone mineral density and/or fra-
gility fractures, bisphosphonate therapy should be 
considered after addressing the biochemical abnor-
malities associated with CKD-MBD [5]. Whereas 
in patients with CKD stages 4–5, limited data sug-
gests that bisphosphonates have no effect on bone 
density [57], however, there are no clinical studies 
in which CKD-MBD abnormalities are addressed; 
thus, a bone biopsy should be  considered prior to 
initiating bisphosphonate therapy [4, 5].

Denosumab is a fully humanized monoclo-
nal antibody that binds to an osteoblast (and 
osteocyte)-derived glycoprotein and recep-
tor activator of nuclear factor kappa-B ligand 
(RANK-L), inhibiting RANK-L from binding to 
an osteoclast membrane receptor, RANK, and, 
thereby, inhibiting osteoclastogenesis [58]. In 
clinical studies, similar fracture reduction was 
noted in patients with CKD stages 3–4 as to those 
with normal kidney function; however, in order 
to be included in the studies, all subjects had nor-
mal PTH concentrations [59]. There was also the 
observation that in patients with advanced CKD, 
denosumab may produce marked increases in 
PTH as well as profound hypocalcemia [60, 61]. 
This hypocalcemic and hyperparathyroid effect 
may be mitigated by ensuring adequate vitamin 
D and calcium intake [60]. Furthermore, since 
denosumab decreases bone turnover, until further 
data are available, it should be avoided in sub-
jects with advanced kidney disease who are at 
risk for low bone turnover.

 Anabolic Agents

Currently available anabolic agents include terip-
aratide which is a recombinant human 1–34 PTH 
analog [62] and abaloparatide which is 1–34 
analog of human parathyroid hormone-related 
protein (PTHrP) [63]. Abaloparatide effectively 
improves bone density and decreases fractures 
in postmenopausal women. However, it has not 
been studied in men or analyzed in patients with 
decreasing GFR [64, 65]. In both women and 
men with osteoporosis, treatment with teripa-

ratide compared with placebo increased bone 
mineral density as well as decreased the risk of 
vertebral and nonvertebral fractures [62, 66, 67]. 
Furthermore, teriparatide has also been shown to 
be effective in steroid-induced osteoporosis [68, 
69]. The teriparatide trials did not randomize 
subjects with known CKD stages 4–5. However, 
during subsequent analysis, it was noted that 
these studies had subsets of patients with eGFR 
down to 30  ml/min [70, 71]. In these subsets, 
there were similar increases in bone mineral 
density across tertiles of eGFR.  Fracture num-
bers were too small to have power for statistical 
analysis across these three tertiles. There were no 
changes in renal function as assessed by changes 
in serum creatinine or serum calcium concentra-
tions as a function of eGFR. There are no stud-
ies on the effect of teriparatide or patients with 
advanced CKD stages 4–5 or in subjects with 
bone biopsy-proven low-turnover bone disease, 
other than a few case reports which demonstrate 
a positive effect on both bone mineral density and 
fractures [57, 72, 73]. Thus, it is possible, though 
unproven, that teriparatide may have a beneficial 
role in patients with advanced CKD and low- 
turnover bone disease.

 Summary

The management of patients with fragility frac-
tures across the spectrum of CKD should not 
differ between persons without reductions in 
GFR or persons with CKD stages 1–3, at least 
as it pertains to patients with age-related reduc-
tions in GFR with normal mineral metabolism 
[5]. This suggestion is predicated on the absence 
of information that could suggest the presence 
of CKD- MBD. In patients with CKD stages 4–5 
and who have fragility fractures, the first man-
agement step is making the correct diagnosis. 
Diagnosis of osteoporosis in CKD stages 4–5 is 
an exclusionary one. Exclusion is best made by 
bone biopsy, a clinical service that is not widely 
available. Biochemical markers of bone turn-
over, in particular serum PTH and bone-specific 
alkaline phosphatase, may help provide differen-
tiation between biopsy-proven low-turnover and 
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high- turnover disease; however, as previously 
discussed, these measurements do not have high 
specificity [11]. The exclusion, in particular, of 
low-turnover bone disease is especially impor-
tant as the use of anti-resorptive agents may not 
be beneficial and in fact could worsen the low 
bone turnover state. There is a great need to gain 
knowledge and evidence for the appropriate use 
of traditional anti-osteoporosis treatments in 
patients with CKD stages 4–5 who have low 
bone density or have sustained a low-trauma 
fracture.

References

 1. Levin A, Bakris GL, Molitch M, Smulders M, 
Tian J, Williams LA, et  al. Prevalence of abnormal 
serum vitamin D, PTH, calcium, and phosphorus in 
patients with chronic kidney disease: results of the 
study to evaluate early kidney disease. Kidney Int. 
2007;71(1):31–8.

 2. Isakova T, Wahl P, Vargas GS, Gutiérrez OM, Scialla 
J, Xie H, et al. Fibroblast growth factor 23 is elevated 
before parathyroid hormone and phosphate in chronic 
kidney disease. Kidney Int. 2011;79(12):1370–8.

 3. Moe S, Drüeke T, Cunningham J, Goodman W, Martin 
K, Olgaard K, et al. Definition, evaluation, and classi-
fication of renal osteodystrophy: a position statement 
from Kidney Disease: Improving Global Outcomes 
(KDIGO). Kidney Int. 2006;69(11):1945–53.

 4. Group KDIGOKC-MW.  KDIGO clinical practice 
guideline for the diagnosis, evaluation, prevention, 
and treatment of Chronic Kidney Disease-Mineral 
and Bone Disorder (CKD-MBD). Kidney Int Suppl. 
2009;113:S1–130.

 5. Ketteler M, Block GA, Evenepoel P, Fukagawa M, 
Herzog CA, McCann L, et al. Executive summary of 
the 2017 KDIGO Chronic Kidney Disease-Mineral 
and Bone Disorder (CKD-MBD) guideline update: 
what’s changed and why it matters. Kidney Int. 
2017;92(1):26–36.

 6. Bergwitz C, Jüppner H.  Regulation of phosphate 
homeostasis by PTH, vitamin D, and FGF23. Annu 
Rev Med. 2010;61:91–104.

 7. Blau JE, Collins MT.  The PTH-vitamin D-FGF23 
axis. Rev Endocr Metab Disord. 2015;16(2):165–74.

 8. Ben-Dov IZ, Galitzer H, Lavi-Moshayoff V, Goetz 
R, Kuro-o M, Mohammadi M, et  al. The parathy-
roid is a target organ for FGF23 in rats. J Clin Invest. 
2007;117(12):4003–8.

 9. Lavi-Moshayoff V, Wasserman G, Meir T, Silver J, 
Naveh-Many T. PTH increases FGF23 gene expression 
and mediates the high-FGF23 levels of experimental 
kidney failure: a bone parathyroid feedback loop. Am 
J Physiol Renal Physiol. 2010;299(4):F882–9.

 10. Rodriguez-Ortiz ME, Lopez I, Muñoz-Castañeda 
JR, Martinez-Moreno JM, Ramírez AP, Pineda C, 
et al. Calcium deficiency reduces circulating levels of 
FGF23. J Am Soc Nephrol. 2012;23(7):1190–7.

 11. Sprague SM, Bellorin-Font E, Jorgetti V, Carvalho 
AB, Malluche HH, Ferreira A, et al. Diagnostic accu-
racy of bone turnover markers and bone histology in 
patients with CKD treated by Dialysis. Am J Kidney 
Dis. 2016;67(4):559–66.

 12. Ennis JL, Worcester EM, Coe FL, Sprague 
SM. Current recommended 25-hydroxyvitamin D tar-
gets for chronic kidney disease management may be 
too low. J Nephrol. 2016;29(1):63–70.

 13. Malluche HH, Mawad HW, Monier-Faugere 
MC.  Renal osteodystrophy in the first decade of 
the new millennium: analysis of 630 bone biop-
sies in black and white patients. J Bone Miner Res. 
2011;26(6):1368–76.

 14. Hui SL, Slemenda CW, Johnston CC. Age and bone 
mass as predictors of fracture in a prospective study. J 
Clin Invest. 1988;81(6):1804–9.

 15. Sprague SM.  Is bone mineral density measure-
ment of any value in a dialysis patient? Semin Dial. 
2011;24(4):433–4.

 16. Alexander AJ, Jahangir D, Lazarus M, Sprague 
SM.  Imaging in chronic kidney disease-metabolic 
bone disease. Semin Dial. 2017;30(4):361–8.

 17. Jamal SA, Hayden JA, Beyene J.  Low bone min-
eral density and fractures in long-term hemodi-
alysis patients: a meta-analysis. Am J Kidney Dis. 
2007;49(5):674–81.

 18. Iimori S, Mori Y, Akita W, Kuyama T, Takada S, 
Asai T, et al. Diagnostic usefulness of bone mineral 
density and biochemical markers of bone turnover 
in predicting fracture in CKD stage 5D patients – a 
single-center cohort study. Nephrol Dial Transplant. 
2012;27(1):345–51.

 19. West SL, Lok CE, Langsetmo L, Cheung AM, Szabo 
E, Pearce D, et al. Bone mineral density predicts frac-
tures in chronic kidney disease. J Bone Miner Res. 
2015;30(5):913–9.

 20. Sturgeon CM, Sprague SM, Metcalfe W.  Variation 
in parathyroid hormone immunoassay results  – a 
critical governance issue in the management of 
chronic kidney disease. Nephrol Dial Transplant. 
2011;26(11):3440–5.

 21. Cozzolino M, Tomlinson J, Walsh L, Bellasi 
A. Emerging drugs for secondary hyperparathyroid-
ism. Expert Opin Emerg Drugs. 2015;20(2):197–208.

 22. Sekercioglu N, Angeliki Veroniki A, Thabane 
L, Busse JW, Akhtar-Danesh N, Iorio A, et  al. 
Effects of different phosphate lowering strate-
gies in patients with CKD on laboratory out-
comes: a systematic review and NMA. PLoS One. 
2017;12(3):e0171028.

 23. Sekercioglu N, Thabane L, Diaz Martinez JP, Nesrallah 
G, Longo CJ, Busse JW, et al. Comparative effective-
ness of phosphate binders in patients with chronic 
kidney disease: a systematic review and network 
meta-analysis. PLoS One. 2016;11(6):e0156891.

S. M. Sprague



241

 24. Daugirdas JT, Finn WF, Emmett M, Chertow 
GM.  Frequent hemodialysis network trial G.  The 
phosphate binder equivalent dose. Semin Dial. 
2011;24(1):41–9.

 25. Floege J, Covic AC, Ketteler M, Rastogi A, Chong 
EM, Gaillard S, et al. A phase III study of the efficacy 
and safety of a novel iron-based phosphate binder in 
dialysis patients. Kidney Int. 2014;86(3):638–47.

 26. Van Buren PN, Lewis JB, Dwyer JP, Greene T, 
Middleton J, Sika M, et al. The phosphate binder fer-
ric citrate and mineral metabolism and inflammatory 
markers in maintenance dialysis patients: results from 
prespecified analyses of a randomized clinical trial. 
Am J Kidney Dis. 2015;66(3):479–88.

 27. Yilmaz MI, Sonmez A, Saglam M, Yaman H, Kilic S, 
Eyileten T, et al. Comparison of calcium acetate and 
sevelamer on vascular function and fibroblast growth 
factor 23 in CKD patients: a randomized clinical trial. 
Am J Kidney Dis. 2012;59(2):177–85.

 28. Cozzolino M, Mazzaferro S, Brandenburg V.  The 
treatment of hyperphosphataemia in CKD: calcium- 
based or calcium-free phosphate binders? Nephrol 
Dial Transplant. 2011;26(2):402–7.

 29. Palmer SC, Gardner S, Tonelli M, Mavridis D, Johnson 
DW, Craig JC, et  al. Phosphate-binding agents in 
adults with CKD: a network meta-analysis of random-
ized trials. Am J Kidney Dis. 2016;68(5):691–702.

 30. Zisman AL, Hristova M, Ho LT, Sprague SM. Impact 
of ergocalciferol treatment of vitamin D deficiency on 
serum parathyroid hormone concentrations in chronic 
kidney disease. Am J Nephrol. 2007;27(1):36–43.

 31. Chandra P, Binongo JN, Ziegler TR, Schlanger LE, 
Wang W, Someren JT, et al. Cholecalciferol (vitamin 
D3) therapy and vitamin D insufficiency in patients 
with chronic kidney disease: a randomized controlled 
pilot study. Endocr Pract. 2008;14(1):10–7.

 32. Sprague SM, Crawford PW, Melnick JZ, Strugnell 
SA, Ali S, Mangoo-Karim R, et al. Use of extended- 
release calcifediol to treat secondary hyperparathy-
roidism in stages 3 and 4 chronic kidney disease. Am 
J Nephrol. 2016;44(4):316–25.

 33. Bhan I, Dobens D, Tamez H, Deferio JJ, Li YC, 
Warren HS, et al. Nutritional vitamin D supplemen-
tation in dialysis: a randomized trial. Clin J Am Soc 
Nephrol. 2015;10(4):611–9.

 34. Massart A, Debelle FD, Racape J, Gervy C, Husson 
C, Dhaene M, et  al. Biochemical parameters after 
cholecalciferol repletion in hemodialysis: results 
from the VitaDial randomized trial. Am J Kidney Dis. 
2014;64(5):696–705.

 35. Coburn JW, Maung HM, Elangovan L, Germain MJ, 
Lindberg JS, Sprague SM, et  al. Doxercalciferol 
safely suppresses PTH levels in patients with sec-
ondary hyperparathyroidism associated with chronic 
kidney disease stages 3 and 4. Am J Kidney Dis. 
2004;43(5):877–90.

 36. Coyne D, Acharya M, Qiu P, Abboud H, Batlle D, 
Rosansky S, et  al. Paricalcitol capsule for the treat-
ment of secondary hyperparathyroidism in stages 3 
and 4 CKD. Am J Kidney Dis. 2006;47(2):263–76.

 37. Nordal KP, Dahl E.  Low dose calcitriol versus pla-
cebo in patients with predialysis chronic renal failure. 
J Clin Endocrinol Metab. 1988;67(5):929–36.

 38. Rix M, Eskildsen P, Olgaard K. Effect of 18 months 
of treatment with alfacalcidol on bone in patients with 
mild to moderate chronic renal failure. Nephrol Dial 
Transplant. 2004;19(4):870–6.

 39. Coyne DW, Goldberg S, Faber M, Ghossein C, 
Sprague SM. A randomized multicenter trial of pari-
calcitol versus calcitriol for secondary hyperparathy-
roidism in stages 3-4 CKD. Clin J Am Soc Nephrol. 
2014;9(9):1620–6.

 40. Palmer SC, McGregor DO, Macaskill P, Craig JC, 
Elder GJ, Strippoli GF.  Meta-analysis: vitamin D 
compounds in chronic kidney disease. Ann Intern 
Med. 2007;147(12):840–53.

 41. Block GA, Martin KJ, de Francisco AL, Turner SA, 
Avram MM, Suranyi MG, et  al. Cinacalcet for sec-
ondary hyperparathyroidism in patients receiving 
hemodialysis. N Engl J Med. 2004;350(15):1516–25.

 42. Goodman WG, Hladik GA, Turner SA, Blaisdell PW, 
Goodkin DA, Liu W, et  al. The calcimimetic agent 
AMG 073 lowers plasma parathyroid hormone levels 
in hemodialysis patients with secondary hyperpara-
thyroidism. J Am Soc Nephrol. 2002;13(4):1017–24.

 43. Block GA, Bushinsky DA, Cheng S, Cunningham J, 
Dehmel B, Drueke TB, et al. Effect of etelcalcetide vs 
cinacalcet on serum parathyroid hormone in patients 
receiving hemodialysis with secondary hyperpara-
thyroidism: a randomized clinical trial. JAMA. 
2017;317(2):156–64.

 44. Block GA, Bushinsky DA, Cunningham J, Drueke 
TB, Ketteler M, Kewalramani R, et  al. Effect of 
etelcalcetide vs placebo on serum parathyroid hor-
mone in patients receiving hemodialysis with second-
ary hyperparathyroidism: two randomized clinical 
trials. JAMA. 2017;317(2):146–55.

 45. Lindberg JS, Moe SM, Goodman WG, Coburn JW, 
Sprague SM, Liu W, et al. The calcimimetic AMG 073 
reduces parathyroid hormone and calcium x phospho-
rus in secondary hyperparathyroidism. Kidney Int. 
2003;63(1):248–54.

 46. Wetmore JB, Gurevich K, Sprague S, Da Roza G, 
Buerkert J, Reiner M, et  al. A randomized trial of 
cinacalcet versus vitamin D analogs as monotherapy 
in secondary hyperparathyroidism (PARADIGM). 
Clin J Am Soc Nephrol. 2015;10(6):1031–40.

 47. Sprague SM, Wetmore JB, Gurevich K, Da Roza G, 
Buerkert J, Reiner M, et al. Effect of cinacalcet and 
vitamin D analogs on fibroblast growth factor-23 dur-
ing the treatment of secondary hyperparathyroidism. 
Clin J Am Soc Nephrol. 2015;10(6):1021–30.

 48. Investigators ET, Chertow GM, Block GA, Correa- 
Rotter R, Drueke TB, Floege J, et al. Effect of cinacal-
cet on cardiovascular disease in patients undergoing 
dialysis. N Engl J Med. 2012;367(26):2482–94.

 49. Chonchol M, Locatelli F, Abboud HE, Charytan 
C, de Francisco AL, Jolly S, et  al. A randomized, 
double-blind, placebo-controlled study to assess the 
efficacy and safety of cinacalcet HCl in participants 

17 Management of Bone Disorders in Kidney Disease



242

with CKD not receiving dialysis. Am J Kidney Dis. 
2009;53(2):197–207.

 50. Charytan C, Coburn JW, Chonchol M, Herman J, 
Lien YH, Liu W, et al. Cinacalcet hydrochloride is an 
effective treatment for secondary hyperparathyroid-
ism in patients with CKD not receiving dialysis. Am J 
Kidney Dis. 2005;46(1):58–67.

 51. Narayan R, Perkins RM, Berbano EP, Yuan CM, Neff 
RT, Sawyers ES, et al. Parathyroidectomy versus cina-
calcet hydrochloride-based medical therapy in the 
management of hyperparathyroidism in ESRD: a cost 
utility analysis. Am J Kidney Dis. 2007;49(6):801–13.

 52. Ishani A, Liu J, Wetmore JB, Lowe KA, Do T, Bradbury 
BD, et al. Clinical outcomes after parathyroidectomy in 
a nationwide cohort of patients on hemodialysis. Clin J 
Am Soc Nephrol. 2015;10(1):90–7.

 53. Conzo G, Perna AF, Savica V, Palazzo A, Della Pietra 
C, Ingrosso D, et  al. Impact of parathyroidectomy 
on cardiovascular outcomes and survival in chronic 
hemodialysis patients with secondary hyperparathy-
roidism. A retrospective study of 50 cases prior to the 
calcimimetics era. BMC Surg. 2013;13(Suppl 2):S4.

 54. Zangeneh F, Clarke BL, Hurley DL, Watts NB, Miller 
PD.  Chronic Kidney Disease-Mineral and Bone 
Disorders (CKD-MBDs): what the endocrinologist 
needs to know. Endocr Pract. 2014;20(5):500–16.

 55. Russell RG, Watts NB, Ebetino FH, Rogers 
MJ. Mechanisms of action of bisphosphonates: simi-
larities and differences and their potential influence on 
clinical efficacy. Osteoporos Int. 2008;19(6):733–59.

 56. Rogers MJ, Crockett JC, Coxon FP, Monkkonen 
J. Biochemical and molecular mechanisms of action 
of bisphosphonates. Bone. 2011;49(1):34–41.

 57. Mitsopoulos E, Ginikopoulou E, Economidou D, 
Zanos S, Pateinakis P, Minasidis E, et  al. Impact of 
long-term cinacalcet, ibandronate or teriparatide ther-
apy on bone mineral density of hemodialysis patients: 
a pilot study. Am J Nephrol. 2012;36(3):238–44.

 58. Miller PD. Denosumab: anti-RANKL antibody. Curr 
Osteoporos Rep. 2009;7(1):18–22.

 59. Jamal SA, Ljunggren O, Stehman-Breen C, 
Cummings SR, McClung MR, Goemaere S, et  al. 
Effects of denosumab on fracture and bone mineral 
density by level of kidney function. J Bone Miner Res. 
2011;26(8):1829–35.

 60. Block GA, Bone HG, Fang L, Lee E, Padhi D.  A 
single-dose study of denosumab in patients with vari-
ous degrees of renal impairment. J Bone Miner Res. 
2012;27(7):1471–9.

 61. Ivanov P, Khedr M. Prolonged hypocalcaemia follow-
ing a single dose of 60 mg denosumab in two patients 
with CKD 4/5 on cinacalcet treatment for tertiary 
hyperparathyroidism. Clin Kidney J. 2013;6(2):245.

 62. Miller PD, Bilezikian JP, Deal C, Harris ST, Ci 
RP. Clinical use of teriparatide in the real world: ini-
tial insights. Endocr Pract. 2004;10(2):139–48.

 63. Leder BZ, O'Dea LS, Zanchetta JR, Kumar P, 
Banks K, McKay K, et  al. Effects of abaloparatide, 
a human parathyroid hormone-related peptide ana-
log, on bone mineral density in postmenopausal 
women with osteoporosis. J Clin Endocrinol Metab. 
2015;100(2):697–706.

 64. Miller PD, Hattersley G, Riis BJ, Williams GC, Lau 
E, Russo LA, et al. Effect of abaloparatide vs placebo 
on new vertebral fractures in postmenopausal women 
with osteoporosis: a randomized clinical trial. JAMA. 
2016;316(7):722–33.

 65. Cosman F, Hattersley G, Hu MY, Williams GC, 
Fitzpatrick LA, Black DM. Effects of abaloparatide-
 SC on fractures and bone mineral density in sub-
groups of postmenopausal women with osteoporosis 
and varying baseline risk factors. J Bone Miner Res. 
2017;32(1):17–23.

 66. Neer RM, Arnaud CD, Zanchetta JR, Prince R, Gaich 
GA, Reginster JY, et  al. Effect of parathyroid hor-
mone (1-34) on fractures and bone mineral density in 
postmenopausal women with osteoporosis. N Engl J 
Med. 2001;344(19):1434–41.

 67. Kaufman JM, Orwoll E, Goemaere S, San Martin J, 
Hossain A, Dalsky GP, et  al. Teriparatide effects on 
vertebral fractures and bone mineral density in men 
with osteoporosis: treatment and discontinuation of 
therapy. Osteoporos Int. 2005;16(5):510–6.

 68. Saag KG, Shane E, Boonen S, Marin F, Donley DW, 
Taylor KA, et al. Teriparatide or alendronate in gluco-
corticoid-induced osteoporosis. N Engl J Med. 2007; 
357(20):2028–39.

 69. Gluer CC, Marin F, Ringe JD, Hawkins F, Moricke 
R, Papaioannu N, et  al. Comparative effects of 
teriparatide and risedronate in glucocorticoid-
induced osteoporosis in men: 18-month results 
of the EuroGIOPs trial. J Bone Miner Res. 
2013;28(6):1355–68.

 70. Nishikawa A, Yoshiki F, Taketsuna M, Kajimoto K, 
Enomoto H. Safety and effectiveness of daily teripa-
ratide for osteoporosis in patients with severe stages 
of chronic kidney disease: post hoc analysis of a post-
marketing observational study. Clin Interv Aging. 
2016;11:1653–9.

 71. Miller PD, Schwartz EN, Chen P, Misurski DA, Krege 
JH.  Teriparatide in postmenopausal women with 
osteoporosis and mild or moderate renal impairment. 
Osteoporos Int. 2007;18(1):59–68.

 72. Cejka D, Kodras K, Bader T, Haas M. Treatment of 
hemodialysis-associated adynamic bone disease with 
Teriparatide (PTH1-34): a pilot study. Kidney Blood 
Press Res. 2010;33(3):221–6.

 73. Palcu P, Dion N, Ste-Marie LG, Goltzman D, 
Radziunas I, Miller PD, et al. Teriparatide and bone 
turnover and formation in a hemodialysis patient 
with low-turnover bone disease: a case report. Am J 
Kidney Dis. 2015;65(6):933–6.

S. M. Sprague



243© Springer Nature Switzerland AG 2019 
C. M. Rhee et al. (eds.), Endocrine Disorders in Kidney Disease, 
https://doi.org/10.1007/978-3-319-97765-2_18

Mineral and Bone Disorders 
Following Renal Transplantation

Hatem Amer and Rajiv Kumar

 Introduction

Bone disease and abnormalities in calcium and 
phosphorus metabolism frequently occur in 
patients who have received a renal allograft [1]. 
Changes seen in transplant recipients reflect, in 
part, antecedent renal osteodystrophy that devel-
ops on account of chronic renal failure and end- 
stage renal disease (ESRD) [2–5]. Many transplant 
recipients with ESRD will have been maintained 
on dialysis for varying periods of time prior to 
receiving a transplant and will have alterations in 
bone mineral metabolism that are influenced by 
the amount of time that they have been on dialy-
sis and therapy that they have received while on 
hemodialysis or peritoneal dialysis. Additionally, 
changes in bone mineral metabolism develop as a 

result of therapy required to prevent organ rejec-
tion. Antirejection therapy with various drugs, 
especially glucocorticoids [6–16], but also other 
antirejection agents such as calcineurin inhibitors 
(cyclosporine or tacrolimus) [17–19], influences 
bone and mineral metabolism, and phenotypic 
abnormalities seen in patients at any given time 
reflect many of the variables mentioned above. It 
should be remembered that antirejection therapy 
is rapidly evolving with the use of biologic agents 
such thymoglobulin [20], anti-CD3 antibodies 
[21, 22], and anti-CD52 antibody (alemtuzumab) 
[23–27] and the amount of corticosteroids used 
for antirejection therapy have been decreasing. 
Finally, many transplant programs proactively 
treat bone disease with defined treatment proto-
cols thereby influencing outcomes. Hence, one 
can anticipate that the changes seen in bone and 
mineral metabolism in the future may be differ-
ent than those seen in the past.

Changes in bone and mineral metabolism also 
occur in subjects who have donated a kidney. 
Each year approximately 30,000 people world-
wide become living kidney donors [28–30]. In 
the USA in 2016, about 30% of all transplants 
performed were from living donors [28]. Living 
kidney donation is not without health risks to the 
donor. Although it is appreciated that the risk of 
ESRD is increased following kidney donation 
[31–33], it is less well appreciated that there 
are abnormalities in bone and mineral metabo-
lism seen within six months of kidney donation 
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[34, 35]. The changes are sustained for at least 
three  years and perhaps longer. Hence, healthy 
volunteers who have donated a kidney are at risk 
for bone disease as they age. The study of this 
population of patients will yield new information 
regarding the effects of reductions in glomerular 
filtration rate (GFR) in the absence of disease on 
bone turnover.

 Bone Disease and Mineral 
Abnormalities in Renal Transplant 
Recipients

Prior to transplantation, well-defined skeletal 
abnormalities and extra-osseous mineral changes 
(chronic kidney disease-mineral bone disorder, 
CKD-MBD) are present in patients with CKD 
and ESRD [36–39]. These skeletal abnormalities 
may be ameliorated following transplantation. 
They do, however, persist for several months fol-
lowing transplantation. The bone is, however, 
altered as a result of the administration of anti-
rejection drugs, predominantly glucocorticoids, 
which have unique effects on the bone and that 
are responsible for the altered bone architec-
ture that is observed at later times following 
transplantation.

Renal osteodystrophy in CKD and ESRD 
patients prior to transplantation comprises sev-
eral groups including secondary hyperpara-
thyroidism of varying severity, mixed uremic 
osteodystrophy, osteomalacia, and adynamic 
bone disease, which are best assessed by 
quantitative bone histomorphometry and the 
analysis of bone turnover following the admin-
istration of tetracycline to label bone [40–46]. 
Hyperparathyroidism, the most frequent type of 
renal osteodystrophy in CKD and ESRD prior 
to transplantation [41, 47–52], is generally 
detectable by the time GFR reaches 40–50 mL/
minute/1.73m2 [42, 45, 53–56]. Phosphate reten-
tion [19, 42, 57–63], a decline in concentrations 
of 1α,25 dihydroxyvitamin D3 (1α,25(OH)2D) 
[38, 39, 64–71] with an attendant decrease in 
intestinal calcium absorption and hypocalce-
mia [72–75], increased concentrations of para-
thyroid hormone (PTH), increased fibroblast 

growth factor 23 (FGF-23) concentrations [76–
81], and diminished acid excretion by the kid-
ney [82–84] occur when the GFR has decreased 
to 30–50 mL/min/1.73m2 and contribute to the 
pathogenesis of CKD-MBD.  An analysis of 
bone histomorphometry of 630 patients with 
renal osteodystrophy and CKD/ESRD showed 
racial differences in the type of osteodystro-
phy observed [52]. Malluche et al. reported that 
62% of whites had low bone turnover, whereas 
68% of blacks had high turnover. A mineraliza-
tion defect was observed in only 3% of patients. 
Cancellous bone volume was low, normal, or 
high in approximately the same number of white 
patients, whereas in blacks, cancellous bone 
volume was high in two- thirds. Low cancel-
lous bone volume and thin trabeculae occurred 
in blacks and whites with low bone formation. 
Seventy-five percent of blacks had normal cor-
tical thickness compared to 50% of whites. 
Cortical porosity was high in 50% of whites 
and 75% of blacks. Despite these findings, bone 
mineral density assessed by dual-energy X-ray 
absorptiometry has been quite variable [85–90]. 
The incidence of hip and vertebral fractures is 
increased in patients with CKD/ESRD and is 
reduced in these patients following parathyroid-
ectomy [91–100].

 Characteristics and Pathophysiology 
of Bone Prior to and Following Renal 
Transplantation

Many of the pathophysiological abnormalities 
driving the occurrence of renal osteodystrophy 
disappear or are diminished following kidney 
transplantation. Phosphate retention disappears 
as GFR is restored,  1α,25(OH)2D concentra-
tions normalize, and PTH and FGF-23 concen-
trations decrease [101–103]. These changes 
have dramatic effects on bone remodeling in the 
immediate transplant period. Rojas et al. exam-
ined early alterations in osteoblast number and 
surfaces, 22–160 days following renal transplan-
tation [2]. A decrease in osteoid and osteoblast 
surfaces, adjusted bone formation rate, and pro-
longed mineralization lag time were observed. 
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Peritrabecular fibrosis markedly decreased. 
Posttransplant osteoblast surface correlated 
positively with PTH levels and negatively with 
glucocorticoid cumulative dose. Lehmann et al. 
performed bone biopsies in 57 patients an aver-
age of 53.5 months following transplantation. Of 
note, these biopsies were not samples obtained 
in random patients, but were performed for spe-
cific clinical indications such as hypercalcemia 
and persistent elevations of PTH.  Patients had 
been on hemodialysis for a mean of 43 months 
prior to transplant. The cumulative dose of glu-
cocorticoid received in these individuals was 
approximately 5.5 grams. Mild osteitis fibrosa 
and more marked osteitis fibrosa were the most 
frequent forms of renal osteodystrophy and were 
observed in 13 (22.8%) and 14 patients (24.6%), 
respectively. Mixed uremic osteodystrophy was 
found in seven patients (12.3%), and adynamic 
renal bone disease was observed in three patients 
(5.3%). Osteomalacia was noted in two patients 
(3.5%). In 13 patients (22.8%), reduced bone 
mass and structural damage without typical signs 
of renal osteodystrophy, such as endosteal fibro-
sis or osteoclasia, were detected, and 5 patients 
(8.7%) showed normal histomorphometric 
parameters. Carlini et al. examined bone biopsies 
by bone histomorphometry in 25 asymptomatic 
men with normal renal function approximately 
7.5 years following renal transplantation [104]. 
Serum intact parathyroid hormone (PTH) levels 
were elevated in about half of the subjects. Mean 
BMD at the lumbar spine and femoral neck was 
low in the entire group. Bone histomorphomet-
ric analysis showed higher than normal bone 
resorption, osteoid volume, and osteoid surfaces 
in the majority of patients. However, bone for-
mation rate and mineralization surface were 
low, and mineralization time was delayed in 
most patients. These lesions were more severe 
in patients after 3–4 years of transplantation but 
improved with time and approached normal val-
ues after a period of 10 years. Borchhardt et al. 
examined bone biopsy specimens in 17 patients 
with hypercalcemic hyperparathyroidism in the 
posttransplant state [105]. High-turnover renal 
osteodystrophy (ROD) was present in nine and 
low-turnover ROD in eight patients. The bone 

formation rate was significantly associated 
with bone alkaline phosphatase, c-telopeptide, 
and osteocalcin. Interestingly, lumbosacral and 
femoral neck T-scores did not differ significantly 
between the patients with low- or high-turnover 
disease. Monier-Faugere et  al. examined bone 
biopsies in 57 adult posttransplant (32 men and 
25 women) who had received a kidney trans-
plant 5.6 +/− 0.8  years before biopsy [106]. 
Bone pain, fractures, and avascular necrosis 
were present in 38.5, 21.0, and 12% of patients. 
21% of patients were hypercalcemic, 63.2% 
had elevated PTH (>65 pg/ml), and 91.2% had 
normal calcitriol levels. Cancellous bone vol-
ume/tissue volume, bone turnover, and bone 
formation rate were reduced in about half of all 
patients. Mineralization was prolonged in 87.5% 
of patients, including nine patients with osteo-
malacia and 12 patients with focal osteomalacia. 
The dose of prednisone and time elapsed since 
transplantation correlated negatively with bone 
volume and bone turnover, whereas cumula-
tive doses of cyclosporine or azathioprine, age, 
gender, or serum PTH levels did not. In sum-
mary, bone biopsy findings are dependent upon 
whether the patients have symptomatic bone 
disease or changes in serum calcium and PTH 
and are dependent upon the time since trans-
plantation. Most patients have bone disease that 
is characterized by low bone turnover and low 
bone volume.

The changes in bone histomorphometry are 
associated with reductions in bone mineral 
density [9, 13, 19, 104, 107–126]. The change 
in bone mineral density occurs relatively rap-
idly following renal transplantation [127] 
(Fig. 18.1). The decrease is associated with an 
increase in the fracture rate as well as the rate 
of aseptic necrosis of the hip [94, 108, 109, 114, 
116, 128–137].

Factors associated with changes in bone his-
tology, bone density, and fracture rate include the 
duration of dialysis prior to transplantation, ele-
vated PTH concentrations, elevated FGF-23, the 
duration and dose of corticosteroid therapy, the 
administration of calcineurin inhibitors, vitamin 
D receptor polymorphisms, and the presence of 
diabetes [110, 111, 138–149].
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 Role of Immunosuppressive Agents 
in Posttransplant Bone Disease

Immunosuppressive agents are needed for the life 
of renal allografts [150]. In addition to the side 
effects of generalized immunosuppression, many 
of these agents have an impact on bone mineral 
metabolism and bone health.

 Corticosteroids

Of the current immunosuppressive agents, corti-
costeroids have been used the longest being the 
backbone of immunosuppressive regimens from 
the earliest times of allotransplantation [150]. 
The dose used and duration of varying regimens 
of corticosteroids have varied over the years 
[151–154]. Even in corticosteroid avoidance reg-
imens, corticosteroids are frequently used in high 
doses early on as part of the immunosuppressive 
induction regimen.

Several studies have confirmed that glucocor-
ticoids increase the incidence of posttransplant 
bone loss, reduce the quality of trabecular bone, 
and correlate with an increased risk of bone frac-
tures. A significant part of the negative impact 
of glucocorticoids on the bone occurs in the first 

few months posttransplant and are likely related 
to the higher doses used in the early posttrans-
plant period [155–159]. Immunosuppressive reg-
imens that avoid the use of glucocorticoids have 
been associated with improved bone density and 
reduced fractures post-kidney transplantation, 
albeit with a higher incidence of rejection and 
subclinical inflammation [151, 160–165].

The effects of glucocorticoids on bone metab-
olism are varied. They exert effects on the vari-
ous cells involved in bone integrity (osteoblasts, 
osteoclasts, and osteocytes) resulting in uncou-
pling of bone resorption and formation with a 
decrease in overall bone density and decreased 
quality of trabecular bone (Fig. 18.2) [166].

Improved bone density and decreased fracture 
risk have been the most compelling findings favor-
ing glucocorticoid avoidance regimens in trans-
plant populations [103, 152, 154, 165]. Identifying 
patients who would benefit from these regimens 
and not be at a clinically significant risk of rejec-
tion is the challenge. In our kidney/pancreas trans-
plant program, we utilize a corticosteroid-free 
regimen in patients of low immunologic risk and 
couple this with a surveillance biopsy program to 
identify grafts with subclinical inflammation, thus 
hoping to reap the benefit of corticosteroid avoid-
ance and mitigate the risk of their absence.

 Calcineurin Inhibitors

The introduction of cyclosporine in the 1980s 
revolutionized solid organ transplantation [150]. It 
increased the one-year survival of kidney allografts 
to greater than 80% and allowed the adoption of 
liver and heart transplantation as plausible treat-
ment modalities for end-stage liver and heart 
failure, respectively. Patients treated with cyclo-
sporine have an increased fracture risk [113, 114, 
167]. This increased risk has been attributed to 
increased bone turnover, with bone loss increasing 
over bone formation due to uncoupling of the nor-
mal bone turnover. Several molecular mechanisms 
have been implicated in this [149, 168]. Some 
studies have found that if cyclosporine is used 
without glucocorticoids, there is either no change 
in bone density or there is in fact an increase in 
bone density [169]. The newer and more com-
monly used calcineurin inhibitor, tacrolimus, has 
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Fig. 18.1 Mean (±SE) percent changes in bone mineral 
density of the second, third, and fourth lumbar vertebrae 
after transplantation in all patients (hatched squares), 
male patients (solid squares), and female patients (open 
squares). (Julian et al. [127])
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been found to have similar effects to cyclosporine. 
Animal models have shown a less deleterious 
effect of tacrolimus over cyclosporine, a finding 
that may be substantiated in human liver transplant 
recipients [170]. How much of the favorable find-
ings in humans are due to a difference in pharma-
codynamics of the drugs vs. the reduced exposure 
to corticosteroids given the higher immunosup-
pressive potency of tacrolimus is not known.

A rare but serious complication of calcineu-
rin inhibitors is the calcineurin inhibitor pain 
syndrome (CIPS). This is believed to be due 
to intraosseous hypertension and/or ischemia 
brought about by the vasoconstrictive effects of 
calcineurin inhibitors that can be reversed with 
calcium channel blockers [171–173].

 mTOR Inhibitors (Mammalian Target 
of Rapamycin)

These agents were introduced in the 1990s with 
the hope that their antiproliferative, anti-fibrotic 
properties coupled with their immunosuppres-
sive effects will provide the same benefit of 
calcineurin inhibitors but avoid the calcineu-
rin inhibitor nephrotoxic effects. Both avail-
able agents, sirolimus and everolimus, have 
been found to exert effects on bone remodeling 
[174]. One study showed a possible beneficial 

effect in human renal transplant recipients with 
reduced markers of osteoclast activity [175]. 
Several animal studies have provided some 
evidence that these agents may be protective to 
bones but can have a negative impact on growth 
plates [19, 176].

 The Antimetabolites

Both azathioprine and mycophenolate have not 
been shown to have any effects on bone metabo-
lism and are believed to be neutral in that regard. 
We should note, however, that with the intro-
duction of mycophenolate, first as the mofetil 
form and then the enteric-coated sodium salt, 
the reduced risk of rejection has encouraged 
the wider use of corticosteroid avoidance regi-
mens and reduced the incidence of acute cellular 
rejections and, as such, may have contributed 
indirectly to better bone health of the transplant 
populations.

 Co-stimulatory Blockade

The first of this new class of agents, belatacept, 
was approved in 2011. The effects on bone remod-
eling are yet unknown but are thought to be neutral 
[177–183].

Glucocorticoids

Direct effects on osteoblasts
and obteoclasts

Effects on calcium metabolism, sex
steroids and growth factors

Osteoporosis

1. Direct inhibition of
osteoblast formation,
proliferation, collagen
synthesis and
osteocalcin synthesis.
2. Increased
apoptosis of
osteoblasts

1. Reduced intestinal calcium
absorption.
2. Increased renal calcium
excretion.
3. Hyperparathyroidism as a
result of 1 and 2.
4. Decreased testosterone
secondary to gonadotropin
secretion

1. Increased
osteoclast formation.
2. Increased
osteoclast activity.

These effects could
be mediated by
reductions in OPG
and increases in
OPG-L concentrations

Fig. 18.2 Direct and 
indirect effects of 
glucocorticoids on the 
bone. (Adapted from 
Kumar [166])
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 Therapy of Posttransplant 
Hyperparathyroidism

Hyperparathyroidism persists for many months 
after transplantation and contributes to signifi-
cant derangements in bone mineral metabo-
lism [101, 184–187]. During the pre-transplant 
period with decreased renal function, phosphate 
retention, and vitamin D deficiency, the para-
thyroid glands undergo hypertrophy and hyper-
plasia. There is an obligate basal rate of release 
of parathyroid hormone from each parathyroid 
gland cell. Following restoration of renal func-
tion with transplantation, these hypertrophied 
glands result in a protracted period of excess 
parathyroid hormone. The prevalence of persis-
tent hyperparathyroidism, defined as an intact 
PTH level > or  =  2.5 times the upper normal 
limit or the need for parathyroidectomy follow-
ing transplantation, was 17% up to four  years 
after transplantation [101].

Treating this posttransplant hyperparathyroid-
ism is a major target of interventional therapies to 
minimize the posttransplant bone morbidity.

 Parathyroidectomy

Surgical excision of a substantial portion of 
parathyroid glandular tissue will result in abrupt 
decrease in PTH production and correction of 
posttransplant secondary hyperparathyroid-
ism. This approach has been associated with an 
increased risk of allograft loss though this has 
been questioned [188–199]. Pre-transplant para-
thyroidectomy in patients with markedly elevated 
PTH levels may be an underutilized intervention 
at this time [200–202].

 Vitamin D and Vitamin D Receptor 
Analogs

Similar to their use in hyperparathyroidism of 
chronic renal disease, these have been used in the 
therapy of posttransplant hyperparathyroidism as 
vitamin D deficiency persists following transplan-
tation [203]. We noted previous studies showing 
the improved survival of dialysis patients treated 

with paricalcitol as compared to calcitriol [204]. 
We hypothesized that paricalcitol, a synthetic 
vitamin D receptor analog, would be effective in 
lowering posttransplant hyperparathyroidism and 
would be well-tolerated with a lower incidence 
of hypercalcemia. To examine this, we conducted 
the first trial of paricalcitol in renal transplant 
recipients [103]. This trial enrolled de novo renal 
transplant recipients and randomized patients 1:1 
to standard Mayo Clinic posttransplant care vs. 
Mayo Clinic posttransplant care plus 2 micro-
grams of paricalcitol orally daily for the first year 
posttransplant. Fifty one patients were random-
ized to the paricalcitol arm and 49 to the control 
arm. Paricalcitol was well-tolerated. Calcium 
supplementation was discontinued due to hyper-
calcemia in two control subjects and in 15 treated 
patients. The dose of paricalcitol was reduced in 
two patients due to hypercalcemia/hypercalci-
uria, and in four, it was discontinued. One year 
from transplant, hyperparathyroidism (primary 
end point) was present in 63% of controls and 
in only 29% of treated patients (p  =  0.005). 
Figure  18.3 shows the trends in PTH over the 
study period. Bone density improved similarly in 
both groups. Of note, patients in this trial were 
maintained on corticosteroid- free immunosup-
pressive regimen. These findings were confirmed 
in another trial [205].

An additional interesting finding in our trial 
was the salutary effect of paricalcitol on renal 
histology examined by surveillance biopsies. We 
observed a statistically significant difference in 
moderate to severe fibrosis at one-year posttrans-
plant favoring therapy—4 (10.5%) vs. 0 (0%) had 
ci score ≥2 p = 0.04. There was also numerically 
fewer allografts exhibiting any inflammation at 
one year in the paricalcitol-treated patients: four 
(10.5%) vs. nine (23.7%) p = 0.22.

 Calcimimetics

Sensipar® (cinacalcet) activates the calcium- 
sensing receptor on the parathyroid cells, sim-
ulating hypercalcemia and decreasing PTH 
secretion [206–215]. Calcimimetics have been used  
predominantly in situations where there is hyper-
calcemic hyperparathyroidism posttransplant 
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[216–223]. Uniformly they decrease PTH and 
serum calcium levels. The effects of cinacalcet on 
bone mineral density after transplantation have 
been varied. There is also a concern regarding the 
associated hypercalciuria that accompanies ther-
apy. As with other agents, careful monitoring of 
serum and urine calcium and phosphorus is war-
ranted in our opinion [195, 224–244].

 Bisphosphonates in Renal Transplant 
Recipients

There have been several trials of bisphospho-
nates in renal transplant recipients (Table 18.1) 
[1]. These have shown a beneficial effect on 
bone density, but as of yet, have not shown a 
decrease in bone fracture rates [124, 126, 245–
251]. There is also a concern that excessive use 
may result in development of, or worsening of, 
adynamic bone disease [1].

In our kidney/pancreas program, we have 
a structured and protocol-driven approach to 
posttransplant bone disease. This involved the 
minimization of corticosteroids in selected indi-
viduals; surveillance of bone mineral density on 
an annual or semiannual basis depending on ther-
apy undertaken; supplementation with vitamin D 
analogs; encouraging adequate dietary calcium 
intake and physical exercise, with judicious, 
time-limited use of bisphosphonates with moni-
toring of bone turnover; and in selected individu-
als measurement of anabolic hormones.

 Bone Disease in Living Kidney 
Donors

Each year approximately 30,000 people world-
wide become living kidney donors [28–30]. In 
the USA in 2016, 5631 living donor transplants 
were performed from a total of 19,062 kidney 
transplants [28]. Living kidney donation is not 
without health risks to the donor. For example, 
the 15-year observed risk of ESRD in kidney 
donors is 3.5 to 5.3 times higher than the pro-
jected risk in the absence of donation [31–33]. 
In a definitive prospective study, we measured 
markers of mineral and bone metabolism in 
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182 kidney donors and 173 paired normal con-
trols after kidney donation [35]. Donors had sig-
nificantly higher serum intact PTH and FGF-23 
concentrations and significantly lower serum 
1,25(OH)2D and inorganic phosphate (Pi) con-
centrations and measured GFR and reduced tubu-
lar reabsorption of phosphate, six and 36 months 
after donation compared to healthy controls. 
Higher concentrations of bone resorption mark-
ers, carboxyterminal cross-linking telopeptide of 
collagen (CTX) and aminoterminal cross-linking 
telopeptide of collagen (NTX), and the bone for-
mation markers, osteocalcin (OC) and procolla-
gen type I N-terminal propeptide (P1NP), were 
observed in donors compared to healthy controls 
(Table  18.2). Small retrospective/prospective 
studies have shown similar findings [140, 252–
256]. Note that bone formation was increased due 
to the well-recognized “coupling” of bone forma-
tion to bone resorption [257]; however, in adults, 
increased bone turnover is uniformly associated 
with an increase in bone resorption relative to 

formation, bone microarchitectural deterioration, 
and bone loss [258]. Figure 18.4 summarizes the 
mechanism by which we believe changes in bone 
quality may occur. The studies suggest that bone 
quality might be impaired in kidney donors, pre-
disposing them to fractures. Further studies in 
this regard will be important in establishing the 
risk of bone disease in living kidney donors.

 Summary and Conclusions

Bone disease in the context of renal transplan-
tation is a significant clinical problem that can 
be ameliorated by several approaches includ-
ing limitation of steroid usage and the judicious 
use of vitamin D analogs, calcium supplements, 
and anti-resorptive agents such as calcitonin and 
bisphosphonates. One should also be aware of 
the fact that mineral metabolism is altered in kid-
ney donors and might be a harbinger of increased 
bone loss especially as subjects age.

Table 18.1 Studies reporting the effects of bisphosphonate or vitamin D analog use in prevention and treatment of 
posttransplantation osteopenia/osteoporosis

Study/reference Therapy Outcome
Grotz et al. [245] Ibandronate Less bone loss, spinal deformation in ibandronate
Fan et al. [124] Pamidronate Preserved lumbar and femoral neck BMD in 

pamidronate treated group
Haas et al. [246] Zoledronic acid Improved LS BMD, stable femoral neck BMD
Coco et al. [247] Pamidronate + vitamin D/Ca or 

vitamin D/Ca alone
Preserved spine BMD with increased risk of 
adynamic bone disease with pamidronate

Jeffery et al. [126] Alendronate and Ca versus 
calcitriol and Ca

Improved LS and femoral neck BMD in both 
groups; alendronate preserved BMD better than 
calcitriol and Ca

El-Agroudy et al. [248] Alendronate or alphacalcidol or 
calcitonin vs. control

Improved LS and femoral neck BMD with 
treatment

Nowacka- Cieciura 
et al. [249]

Alendronate or risedronate or no 
drug

Improved BMD in femoral neck in 
bisphosphonate- treated group

Torregrosa et al. [250] Residronate + daily vitamin D/Ca 
or vitamin D/Ca alone

Increased LS BMD in risedronate- treated group

Abediazar et al. [251] Alendronate plus daily vitamin D or 
of daily vitamin D alone

Increased distal radius and LS BMD in 
alendronate- treated group

Modified from Alshayeb et al. [1]
Abbreviations: BMD bone mineral density, LS lumbar spine, Ca calcium
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Obesity in Kidney Disease

Peter Stenvinkel

 Introduction

Considering that the global prevalence of obesity 
has more than doubled between 1980 and 2014 
[1], nephrologists have to face and address a new 
clinical problem. In fact, whereas protein-energy 
wasting (PEW) may be less common than antici-
pated, obesity is today a frequent and emerging 
condition in dialysis cohorts around the world 
[2]. The global pandemic of obesity carries a 
markedly increased risk for comorbid complica-
tions, such as type 2 diabetes, cancer, dyslipid-
emia, hypertension, inflammation, osteoarthritis, 
dementia, cardiovascular disease (CVD), and 
sleep apnea [3]. Thus, it is disappointing that no 
major success stories to combat the obesity epi-
demic have been reported [4]. When the society 
has become serious about addressing obesity, it 
may take decades to reverse obesity rates to the 
levels reported before the epidemic started. The 
obesity spreading patterns seem predictable 
around the world, and emerging data show that 
low- and middle-income countries, such as China 
[5], India [6], and Brazil [7], are currently under-
going a similar transition from normal weight to 
overweight and obesity as industrialized coun-

tries already have encountered. Obesity increases 
the risk for chronic kidney disease (CKD) and its 
progression to end-stage renal disease (ESRD) 
[8]. In fact, a high body mass index (BMI) ranks 
as one of the strongest risk factors for new-onset 
CKD [9], and obese patients have a greater inci-
dence of glomerulosclerosis [3]. The dimension 
of the obesity epidemic and the impact of this 
epidemic on the kidney call for efforts to under-
stand the epidemiology and the mechanism(s) of 
CKD associated with obesity and set as a public 
health priority for the development of treatment 
policies to halt this growing problem.

 Definition and Assessment 
of Obesity

Obesity is most commonly defined based on 
BMI, i.e., a person’s weight (kg) divided by the 
square of his or her height (m); a BMI between 
20 and 25  kg/m2 is by the World Health 
Organization (WHO) considered as normal 
weight, a BMI between 25 and 30 kg/m2 as over-
weight, and BMI >30  kg/m2 as obese with 
increasing grading as BMI increases. The popu-
lation norms of BMI are different based on ethnic 
and racial background [10]. Since BMI is so easy 
to calculate, this metric is often used in nutri-
tional guidelines. However, BMI is a poor esti-
mate of fat mass distribution, especially in ESRD 
patients defined by imbalance of hydration status 
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[11]. Since disease risk increase with a waist cir-
cumference (WC) and waist-hip ratio (WHR) of 
>88 cm and >0.8, respectively, for females and of 
>102  cm and 0.9, respectively, for males, this 
simple measure seems superior to BMI for the 
correct classification of obesity [12]. Compared 
to anthropometric measurements, fat determina-
tion by single-frequency bioimpedance is not 
better [13], and for routine use WHR and anthro-
pometrics are recommended [12]. The conicity 
index (an easy anthropometric estimate using 
WC, height, and weight to model the relative 
accumulation of abdominal fat without requiring 
the hip circumference) could be useful to identify 
non-overweight CKD patients with an estimate 
of the wasting component [14]. The somewhat 
confusing overlap between PEW and obesity is 
termed “obese sarcopenia” and indicates a prob-
lem to correctly assess nutritional status [15].

 Adiposity: A Consequence or Cause 
of Overeating?

Like most chronic diseases that affect a large pro-
portion of the population, the pathophysiology of 
obesity is severely complex, including genetic 
predisposition, environmental changes, and indi-
vidual preferences. More than 150 genetic loci 
are related with the development of obesity and 
type 2 diabetes [16]. Although much improve-
ment in identifying genetic changes induced by 
obesity has already been made, studies are miss-
ing defining the liable key loci [17]. The remark-
able growth of the prevalence of obesity in the 
world with a fixed genetic background [18] is 
partly explained by the strong link between a sed-
entary inactive lifestyle and obesity [19]. Studies 
of obesity require a deep perception of energy 
balance, i.e., increased adiposity results from the 
loss of the homeostatic control of caloric intake 
and energy expenditure. Since normal mitochon-
drial function associates with a healthier meta-
bolic phenotype in obese children [20] and 
offsprings of type 2 diabetics display impaired 
mitochondrial function [21], oxidative capacity 
stimulation may be key for a lean phenotype. 
Moreover, since cold exposure and beta- 

adrenergic agonists can induce browning of white 
adipose tissue (increase energy expenditure and 
produce heat rousing), stimulation of brown fat 
depots may be a future treatment of obesity [22]. 
A recent study identified miR-378 as a key regu-
latory component underlying expansion and obe-
sity resistance of brown adipose tissue and, thus, 
adds novel insights into the cross talk between 
brown and white adipose tissue [23].

It has been estimated that during our lifetime 
we will eat approximately 35 tons of food. Thus, 
the food we consume is the single most important 
and versatile environmental determinant of 
human health. Increased intake of energy-dense 
food and sodas are considered to be a major cause 
of obesity. However, although it is acknowledged 
that eating too little calories is not the cause, but 
a symptom of anorexia nervosa, it is still believed 
that consumption of fewer calories will lead to 
the solution of the obesity problem. Since eating 
disorders may be due to altered neurotransmitter 
system function, it has been suggested that over-
eating could be regarded as a symptom rather 
than the cause of obesity [24, 25]. The current 
paradigm that overeating of easy digestible car-
bohydrates and the resulting imbalance between 
“energy out and in” as the main cause of obesity 
has been confronted [26]. Instead it has been sug-
gested that the host response to diverse nutrients 
commit to overeating and obesity. Thus, a much 
more complex sum of synchronized alterations, 
including neurocognitive factors [27], mutation 
of the uricase gene [28], psychosocial stress [29], 
changes in the epigenome [30], gut dysbiosis 
[31], adenovirus infection [32], and metabolic 
changes triggered by specific nutrients [26], may 
promote obesity. It is evident that whereas some 
nutrients promote insulin resistance and fat accu-
mulation, other nutrients, such as anti-oxidants, 
plant food, probiotics and nuts, counteract the 
negative effects of a calorie-rich diet by benefi-
cial effects on mitochondrial health [26]. Thus, 
invigoration of mitochondrial oxidative capacity 
could be the key for a slender phenotype. Plant 
phenols, a large group of metabolites that include 
tannins, flavonoids (anthocyanins and flavonols), 
and stilbenoids, may counter insulin resistance 
and fat buildup [26]. Polyphenols lower triglycer-
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ides and body weight by increasing energy 
expenditure, increase fat utilization, and balance 
glucose homeostasis. A high intake of total poly-
phenols, total flavonoids, and stilbenes is associ-
ated with a reduced risk of diabetes in elderly 
persons at risk of CVD [33]. As resveratrol has 
favorable effects on energy metabolism and mito-
chondrial oxidative capacity, this “caloric restric-
tion mimetic” may be a future treatment for obese 
and insulin-resistant individuals. Berries also 
show anti-obesity effects as they not only blocked 
the metabolic effects [34] but also changed 
hepatic gene expression and DNA methylation 
patterns [35] of a high-fat diet. Although nuts are 
rich in fat and calories, they do not increase body 
weight and have favorable effects (especially 
walnuts) on the cardiometabolic profile. Since 
the nuclear factor (erythroid-derived 2)-like 2 
(Nrf2) is a transcription factor and key activator 
of antioxidant genes, it can be conjectured that 
depressed intake of nutrients rich in Nrf2 stimu-
lators, such as polyphenols, resveratrol, allicins, 
lycopene, and caffeine, increases risk of obesity 
[36]. It was recently reported that a high-quality 
diet pattern, i.e., greater intake of fruits, vegeta-
bles, whole grains, seeds/nuts, and yogurt intake, 
was associated with decreased adiposity, while 
red/processed meats were associated with greater 
regional adiposity [37]. Since fish eaters have 
lower BMI than meat eaters [38], the impact of 
marine lipids on insulin resistance and fat buildup 
deserves further attention.

 Does Increased Intake of Fructose 
Cause Obesity?

Sugar or other fructose-containing composites 
in fruits and vegetables, in sucrose, and in 
high- fructose corn syrup (HFCS) have hitherto 
been considered as empty calories. In contrast 
to glucose, fructose is not important for bio-
chemical reactions and humans operate well 
without it. Since fructose intake does not evoke 
an increase in glucose and insulin levels, its 
potential for weight gain has been regarded as 
minimal. However, in the USA the marked 
increase in fructose intake with the introduc-

tion of HFCS in the early 1970s has paralleled 
the rise in BMI [39]. Indeed, the establishment 
of HFCS in soft drinks may have added not 
only to the obesity epidemic [40] but also, via 
stimulation of uric acid, to hypertension, type 
2 diabetes, and CKD [41]. As lowering of uric 
acid has beneficial effects on the metabolic 
syndrome, studies that examine if low-fructose 
and low-purine diets reduce weight and 
decrease cardiovascular risk should be sup-
ported. High intake of fructose induces appear-
ances of the metabolic syndrome and boosts 
leptin resistance [42], causes intracellular ATP 
depletion [43], blocks satiety signals [44], and 
reduces resting energy expenditure [45]. 
Fructose metabolites also drive excessive food 
consumption by stimulation of dopamine and 
affecting the reward system in the brain. In 
fact, in many ways fructose mimes the effect of 
its metabolic cousin ethanol, another nones-
sential energy source [46]. Moreover, since 
fructose triggers vasopressin [47] and enhances 
urinary sodium reabsorption [48], this may 
indirectly promote overweight status. Because 
vasopressin stimulates fat accumulation [49], 
blocks fat oxidation [50], and induces insulin 
resistance and fatty liver accumulation [51], 
this ties hyperosmolarity to obesity. Indeed, 
water loading reduces hepatic fat content [51], 
and high salt intake with low water intake 
diminishes insulin sensitivity [52] and fore-
casts obesity and diabetes [53, 54]. Thus, pro-
motion of more water intake could be a novel 
strategy to reduce energy consumption [55].

 Gut Microbiota: An Emerging Player 
in Obesity and Kidney Disease

The nutritional value of the approximately 35 tons 
of food we ingest during our lifetime is shaped by 
the gut microbiota, an environmental factor that 
influences whole-body metabolism by affecting 
energy balance. Gut microbiota affect gut perme-
ability, metabolic endotoxemia, and the produc-
tion of short-chain fatty acids, which protect 
against diet-induced obesity [56]. The switch from 
a low- fat, plant polysaccharide-rich diet to a 
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 high- sucrose and high-fat diet leads to a rapid 
transformation in the mice microbiota [57]. As a 
study in twins discordant for obesity reported that 
fat mass and obesity-associated metabolic pheno-
type were transmissible to mice with fecal cultures 
[58], it signifies a central role of the gut microflora 
for fat buildup. In accordance, a study in wild 
hibernating bears showed that transplantation of 
summer (but not winter) bear microbiota to germ-
free mice promoted adiposity without impairing 
glucose tolerance. Thus, seasonal variation in the 
microbiota contributes to host energy metabolism 
in hibernating brown bears [59]. Recent insights 
show that specific personal and microbiome fea-
tures enable accurate glucose response prediction 
[60], which may lead to the opportunity for a per-
sonalized modulation of the microbiome by nutri-
tional and pre- and probiotic intervention [61]. 
Also fecal transplantation [62] and probiotics [63] 
carry therapeutic potential for imminent treatment 
of obesity. Moreover, since noncaloric artificial 
sweeteners, such as saccharin, sucralose, and 
aspartame, induce glucose intolerance by chang-
ing the gut microbiota toward a composition 
known to associate with metabolic disease [64], 
patients should be discouraged to use artificial 
sweeteners. Since antibiotics may alter gut micro-
biota, especially if frequently prescribed to chil-
dren, antibiotic- induced gut microbiota dysbiosis 
may contribute to the obesity epidemic [65]. Taken 
together, dietary interventions that take into con-
sideration the specific metabolic effects of nutri-
ents may have a better chance to decrease weight 
instead of only focusing on traditional hypocaloric 
diets in the treatment of obesity. It is fascinating 
that the rapid spread of obesity around the world 
resembles pandemics of infectious origin. As 
human adenovirus 36 stimulates enzymes and 
transcription factors that accumulate triglycerides 
and differentiate pre-adipocytes into mature adi-
pocytes, virus infections may be a cause of obesity 
[66]. Indeed, a recent meta-analysis showed that 
human adenovirus 36 infection increased the risk 
of weight gain in adults but not in children [67]. 
Since Ad-36 antibodies associate with lower tri-
glycerides [68], adenovirus infections may relate 
to a “healthy obesity” phenotype (vide infra).

 Gross Obesity but Not Overweight 
Status Increases the Risk for Death 
and Comorbidity

Obesity is associated with disparate comorbid 
conditions including CVD, type 2 diabetes, meta-
bolic syndrome, dyslipidemia, hypertension, 
various cancers, gallbladder disease, obstructive 
sleep apnea, nonalcoholic steatohepatitis, hypo-
vitaminosis D, osteoarthritis, and psychosocial 
problems. Obesity is also associated with a sig-
nificantly worse outcome for many cancers [69] 
and is related to persistent inflammation in both 
the general population [70] and in CKD [71]. In 
the general population, gross obesity increases 
death risk [72]. However, whereas gross obesity 
(BMI >35 kg/m2) was associated with higher all-
cause mortality in the general population, a meta- 
analysis showed that being obese in the range 
between 30 and 35 kg/m2 was not associated with 
higher mortality and being overweight (BMI 
25–30 kg/m2) was actually associated with lower 
all-cause mortality [73]. Thus, BMI shows a 
U-shaped association with clinical outcomes, 
with the best fallout in overweight and mildly 
obese CKD patients [74]. This implies that fat 
mass accumulation may also have favorable 
effects. In accordance with results in the general 
population, a study in 54,506 CKD stage 3 
patients showed that in comparison with patients 
with BMI of 18.5–24.9  kg/m2, overweight 
patients and patients with obesity class 1–2 have 
lower risk for cardiovascular and malignancy- 
related death [75]. It should be noted that about 
30% of obese patients seem to be protected 
against obesity-related metabolic complications 
[76]. Individuals with “healthy obesity” are char-
acterized by relatively low visceral fat mass, nor-
mal adipose tissue function, low macrophage 
infiltration, and normal insulin sensitivity [76].

 Obesity: An Independent Risk 
Factor for CKD

Obesity is an autonomous risk factor for develop-
ment of CKD in the general population [8, 77, 
78]. Hsu et al. [79] showed that higher baseline 
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BMI remained an independent predictor for 
ESRD also following adjustments for diabetes 
mellitus and hypertension. Moreover, data from 
2585 individuals followed for 19  years showed 
that BMI independently predicted new-onset 
CKD [80]. European data showed that obesity 
increased the risk of microalbuminuria [81] and 
loss of residual renal function after start of dialy-
sis [82]. Moreover, CKD is strongly associated 
with components of the metabolic syndrome 
[83]. Besides indirect effects on kidney disease 
incidence and its progression (via diabetes, ath-
erosclerosis, and hypertension), adiposity has 
effects that may directly affect kidney function 
[84]. Since obesity as measured by WC is associ-
ated with higher risk for ESRD even after adjust-
ment for BMI [85], distribution of fat mass likely 
has an impact on the risk for kidney dysfunction. 
Hyperinsulinemia, which commonly accompa-
nies obesity, promotes mesangial expansion, glo-
merular hyperfiltration, glomerular hypertrophy, 
and increased filtration fraction. These alterations 
may promote glomerulosclerosis [86] and seg-
mental glomerulosclerosis [87]. In addition, obe-
sity-associated hyperleptinemia promotes renal 
fibrosis and oxidative stress and activates the 
sympathetic nervous system [88], factors that 
increase risk of kidney dysfunction.

 Treatment of Obesity in CKD

Unfortunately, despite the magnitude of the obe-
sity problem, treatment modalities for obesity are 
not well developed. Since obesity may in some 
cases be countered through lower calorie con-
sumption and increased physical activity, adher-
ence to a healthy lifestyle should always be the 
primary aim when nephrologists handle obese 
CKD patients. Indeed, differences in lifestyle and 
body composition are associated with reductions 
in insulin sensitivity in moderate-severe CKD 
[89]. Unfortunately, since only minor and short- 
duration studies have been conducted, sketchy 
data exist on the effects of intentional weight loss 
in CKD [90]. The development of anti-obesity 
drugs has been full of calamities, and at present 
nephrologists do not really have efficient phar-

macological treatment to offer this vulnerable 
patient group. Only small studies have been con-
ducted [91], and cases of impaired renal function 
associated with the use of the anti-obesity drugs 
have been reported [92]. Bariatric surgery has 
become the standard for effective intervention in 
the general population, and a more than 50% 
weight loss [93] and lower incidence of cardio-
vascular events at long-term follow-up [94] have 
been reported. Bariatric surgery was also more 
efficient in the prevention of type 2 diabetes than 
usual care. Several reports in limited numbers of 
patients indicate a significant improvement in 
renal parameters after bariatric surgery [95–99]. 
It is remarkable that diabetic nephropathy 
resolved in 58% of 52 obese type 2 diabetic 
patients that underwent bariatric surgery [100]. 
Although higher complication rates were reported 
in CKD patients after bariatric surgery, the inci-
dence of complications remained <10% [101]. 
Thus, since dialysis patients have excellent 
medium-term weight loss and an acceptable (but 
increased) risk-benefit ratio [102], dialysis should 
not be considered as a contraindication to bariat-
ric surgery.

 The Obesity Paradox: Should 
Weight Gain Be Promoted 
in Dialysis Patients?

The observation that elevated BMI confers a sur-
vival advantage to ESRD patients was first 
reported in 1999 [103] and subsequently con-
firmed in most, but not all [104], studies based 
on North American [105, 106], European [107, 
108], and Asian [109] dialysis cohorts. 
Furthermore, a study of 123,383 hemodialysis 
patients showed that higher BMI was associated 
with lower mortality across all dialysis vintage 
and age groups [110]. However, the obesity par-
adox has not been confirmed in a group of non-
diabetic patients with mild-moderate CKD 
[111]. There may be many reasons why obesity 
is associated with a survival advantage. Whereas 
residual confounding by PEW, inflammation, 
and competing mortality risk factors may in part 
explain the “obesity paradox” phenomenon, 
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other factors doubtlessly  contribute. Because an 
increase in BMI may reflect more lean body 
mass, the association between increased BMI 
and better outcome does not automatically imply 
that fat mass is protective. Indeed, the protection 
observed with high BMI is likely to be connected 
to high muscle mass [112, 113]. A retrospective 
study of 119,099 Japanese hemodialysis patients 
reported that the “obesity paradox” only existed 
when obesity was defined by BMI and lower lev-
els of serum creatinine were associated with 
poor outcomes in all BMI groups [114]. It is also 
likely that high BMI is a reflection of preserved 
appetite and energy stores. Because good appe-
tite is associated with better outcomes in dialysis 
patients [115] and obese patients are more likely 
to expend extra calories, this may indirectly 
explain the alliance between high BMI and bet-
ter outcomes. Besides indicating well-preserved 
energy stores, the larger amount of fat mass may 
be associated with improved hemodynamic tol-
erance, better stem cell mobilization, less stress 
response as a result of neurohormonal altera-
tions, and more competent disposal of lipophilic 
uremic toxins [3]. The observations of the “obe-
sity paradox” have led some to argue that weight 
gain should be encouraged in dialysis patients 
regardless of its body compartment, i.e., fat or 
muscle mass. However, obesity has not been 
shown to have any advantageous effects on self-
rated health status and physical function in anal-
ogy to normal weight or moderately overweight 
hemodialysis patients [106].

Although overweight status and obesity are 
associated with several complications of perito-
neal dialysis (PD), such as increased risk of 
peritonitis, PD catheter loss and technique fail-
ure, and a more rapid decline of residual renal 
function [116–118], the impact of overweight 
status on outcome in PD patients is less clear. 
Whereas the mortality of obese PD patients was 
reported to be worse in comparison with normal 
body weight [119], Snyder et al. [120] reported 
a survival benefit for overweight and obese PD 
patients. Weight gain and accumulation of fat 
mass is a common metabolic complication of 
PD that may lead to significant clinical 
problems.

High BMI has been associated with a “para-
doxically” better outcome in many other chronic 
debilitating disorders, such as congestive heart 
failure, rheumatoid arthritis, dementia, coronary 
heart disease, and cancer. It is striking that a high 
BMI is associated with a survival advantage in 
the very same chronic debilitating diseases that 
obesity is a risk factor for. As persistent low- 
grade inflammation is a common feature in all the 
chronic diseases in which the “obesity paradox” 
has been proclaimed, the impact of persistent 
inflammation on the association between BMI 
and outcome needs examination. It was lately 
studied if the documented association between 
high BMI and better outcome would be affected 
by the presence of systemic inflammation in 
about 6000 European hemodialysis patients 
[108]. Whereas the study confirmed that lower 
BMI was associated with higher mortality, it also 
revealed that when inflammation was taken into 
consideration, a major catalyzing effect of 
inflammation was evident [121]. Whereas high 
BMI had a protective action and was linked to 
longer survival rates for chronically inflamed 
dialysis patients, no protective effect of high BMI 
was found in non-inflamed dialysis patients. The 
observed correlation persisted even after control-
ling for a large number of non-modifiable and 
modifiable factors, such as hospitalization, cath-
eter use, Kt/V, blood flow, and blood pressure 
that can influence survival rates. Thus, the impli-
cations of obesity in dialysis patients carry dif-
ferential prognostic information in those who are 
inflamed or not inflamed. Thus, dialysis patients 
who are overweight and show signs of chronic 
inflammation should not be endorsed to lose 
weight. Treatment of inflamed patients, regard-
less of whether they are over- or underweight, 
should focus on resolving the inflammatory pro-
cess and treating the underlying causes.

 Obesity and Kidney Transplantation

Since the prevalence of obesity in US patients 
awaiting a kidney transplant increased from around 
12% to 25% between 1987 and 2001 [122], 
nephrologists need to be aware of the potential 
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risks of obesity on renal graft function and magni-
tude of postoperative complications. In a retrospec-
tive study, obesity was an independent risk factor 
for graft loss and death in recipients of kidney 
transplant [123]. Another retrospective study 
revealed recipient BMI and dialysis vintage as 
independent risk factors for delayed graft function 
[124]. Pretransplant overweight status or obesity 
was also associated with an incrementally higher 
risk of delayed graft function in other studies [125, 
126]. A recent meta-analysis showed that obese 
(BMI >30 kg/m2) transplant recipients only had a 
slightly increased risk of graft loss and do experi-
ence a similar survival as recipients with normal 
BMI [127]. Since there is a higher risk for postop-
erative complications and delayed graft function 
after renal transplantation, there is a controversy 
regarding which BMI cutoff level should be used 
[128]. A recent debate concluded that with the 
exception of morbid obesity (BMI >40 kg/m2), out-
comes of obese patients undergoing transplantation 
are better than in dialysis patients who are not 
undergoing renal transplantation [128]. As BMI is 
a poor measure of body fat composition in ESRD 
patients, further research should be carried out to 
define the optimal cutoff using more clear-cut fat 
assessment methods. Indeed, WC is an indepen-
dent risk factor for new-onset diabetes after renal 
transplantation (NODAT) [129], a condition asso-
ciated with poor graft function, higher rates of car-
diovascular complications, and poor prognosis.

 Summary and Conclusion

Increased fat mass increases the risk of CKD 
both by direct renal effects and indirectly via 
hypertension, atherosclerosis, and diabetes. 
Nephrologists should master methods to assess 
fat mass distribution and know how to manage 
the obese CKD patient. The treatment of obesity 
requires a varied approach including, but not lim-
ited to, weight-reduction and physical exercise 
programs. Nephrologists should aim for inter-
ventions that increase muscle mass and decrease 
visceral fat mass. This should be achieved in a 
multidisciplinary approach including dietitians 
and physiotherapists.
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 Introduction

Adiponectin is a type of adipokine, namely, a 
hormonally active molecule secreted by adipose 
tissue with pervasive effects on multiple organ 
systems. In the general population, adiponectin 
has demonstrated anti-inflammatory and cardio-
protective properties, and a number of studies 
have shown that higher levels are associated with 
favorable cardiovascular outcomes and survival 
(Table  20.1). However, in patients with non- 
dialysis- dependent (NDD) and dialysis- 
dependent chronic kidney disease (CKD), higher 
adiponectin levels have been paradoxically asso-
ciated with adverse cardiovascular outcomes and 
higher mortality risk (Table  20.2). Similarly, 
leptin is an adipokine which has been identified 
as having an important role in the regulation of 
inflammation and energy metabolism. In the gen-
eral population, high serum leptin has been asso-

ciated with adverse cardiovascular outcomes, but 
these observations are in contradistinction to 
findings observed in patients with end-stage renal 
disease (ESRD). The objective of this chapter is 
to review and discuss the existing body of evi-
dence examining the interrelationships of adipo-
nectin and leptin and outcomes in the general 
population as well as in those with varying 
degrees of impaired kidney function.

 Adiponectin

 Background Physiology

Adiponectin is a 240-amino acid hormone pro-
duced exclusively by adipose tissue, and it is 
encoded by the APM1 gene located on chromo-
some 3q27 as the most abundantly transcribed 
gene in adipocytes [17]. Adiponectin circulates in 
high concentrations ranging from 5 to 30 μg/mL, 
and it accounts for 0.01% of total serum proteins 
[18]. Adiponectin is synthesized as a monomer of 
28–30  kDa, and it is assembled into trimer, 
 hexamer (low molecular weight [LMW]), and 
high molecular weight (HMW) forms, with 
LMW adiponectin as the predominant isoform in 
circulation. HMW adiponectin levels as well as 
the ratio of HMW adiponectin to total adiponec-
tin have been found to be strong predictors of 
insulin sensitivity in comparison with adiponec-
tin monomers alone [19, 20].
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Adiponectin mediates its intracellular effects 
through the adenosine monophosphate-activated 
protein kinase (AMPK) pathway. Adiponectin 
exhibits its intracellular effects via two receptors, 
namely, ADIPOR1 and ADIPOR2, each of which 
contain seven transmembrane domains and are 
transmembrane G-protein receptors. ADIPOR1 
has a high affinity for HMW adiponectin, while 
AdipoR2 has intermediate affinity for all adipo-
nectin isoforms. ADIPOR1 is expressed primar-
ily in the skeletal muscle, while ADIPOR2 is 
expressed in the liver [21]. ADIPOR1 induces 
extracellular calcium influx that allows for the 
activation of calmodulin-dependent protein 
kinase kinase (CaMKK) and AMPK which are 
further involved in the control of energy metabo-
lism. AdipoR2 activates and increases expression 
of peroxisome proliferator-activated receptor α 
(PPAR-α) ligands and increases energy consump-
tion [21]. Single nucleotide polymorphisms have 
been identified in the promoter region of both 
ADIPOR1 and ADIPOR2 adiponectin receptors, 
and homozygous individuals have been observed 
to have overall greater abdominal obesity versus 
non-homozygous individuals.

 Interaction Between Adiponectin 
and the Kidney

ADIPOR1 and AMPK are expressed in the kidney, 
and adiponectin is renally excreted in healthy indi-
viduals [21]. Animal data suggest that adiponectin 
may have an anti-inflammatory and reno- protective 
role. In vitro studies using animal models showed 
that ADIPOR1 is expressed in glomerular endo-
thelial cells, podocytes, mesangial cells, and 
Bowman’s capsule epithelial cells within the 
glomerulus which are exposed to urinary adipo-
nectin. Exposure of these cells to HMW adiponec-
tin resulted in increased phosphorylation of AMPK 
confirming the functionality of ADIPOR1 within 
the glomerulus [22]. Studies of adiponectin gene 
knockout mice show that adiponectin accumulates 
in renal tissue in the setting of kidney damage. 
Absence of adiponectin is associated with impaired 
kidney function, fibrosis, albuminuria, and inflam-
matory response, which may be ameliorated with 
adiponectin repletion [23].

In human studies, cross-sectional data in type 
2 diabetic patients show that urinary adiponectin 
concentrations are positively correlated with 
microalbuminuria and higher mean brachial- 
ankle pulse velocity, suggesting that urine adipo-
nectin may be associated with microvascular and 
macrovascular disease [24]. Longitudinal studies 
in type 1 diabetic patients have shown that urinary 
adiponectin is positively correlated with albumin-
uria, blood pressure, and glycated hemoglobin 
(HbA1c) and negatively correlated with kidney 
function. Moreover, changes in urinary adiponec-
tin exceeded increases in serum adiponectin sug-
gesting a role in renal injury independent of 
increased glomerular filtration [25]. However, in a 
study of patients with CKD due to type 2 diabetes, 
increasing urinary HMW adiponectin levels were 
associated with impaired kidney function but 
were not associated with albuminuria [26].

 Adiponectin and Cardiovascular Risk 
Factors

 Adiponectin and Obesity
A study of Pima Indians has shown that plasma 
adiponectin concentrations are in fact lower in 
obesity [27] and are negatively correlated with 
body mass index (BMI), body fat percentage, 
waist-to-thigh ratio, fasting plasma insulin levels, 
and 2-hour plasma glucose concentrations [28]. 
Obese patients with type 2 diabetes have been 
shown to have decreased APM1 gene expression 
and mRNA transcription in adipose tissue com-
pared to nonobese patients [29]. In contrast, 
weight loss leads to elevation of plasma 
 adiponectin levels in both diabetic and nondia-
betic patients [10–12, 30].

 Adiponectin and Type 2 Diabetes 
Mellitus
Numerous studies have established an associa-
tion between higher adiponectin levels and 
enhanced insulin sensitivity. For example, in ani-
mal studies, adiponectin has been shown to 
reverse insulin resistance in lipoatrophic mice, 
presumed to be due to the reduction of triglycer-
ide content in muscle and liver and subsequent 
increase in molecules that augment fatty acid uti-
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lization in muscle [31]. A systematic review and 
meta-analysis of 13 prospective studies have also 
examined the relationship between adiponectin 
and the risk of developing type 2 diabetes. In 
analyses that accounted for obesity, every 1-μg/
mL increment in the log of adiponectin levels 
was associated with a 28% lower risk of develop-
ing type 2 diabetes (adjusted relative risk [aRR] 
0.72 [95% CI] 0.67–0.78; p < 0.001), supporting 
the hypothesis that adiponectin increases insulin 
sensitivity in humans as well [32].

 Adiponectin and Type 1 Diabetes 
Mellitus
A number of studies have observed that type 1 dia-
betic patients have higher adiponectin concentra-
tions. In a substudy of the Coronary Artery 
Calcification in Type 1 Diabetes (CACTI) pro-
spective cohort, 86 type 1 diabetic patients under-
went hyperinsulinemic-euglycemic clamp testing 
in order to investigate the role of adiponectin in 
insulin sensitization. Results showed that type 1 
diabetic patients had higher mean total adiponec-
tin levels (12.3 ± 5.8 vs. 9.6 ± 5.5 μl/ml, respec-
tively; p=0.03) and higher mean HMW adiponectin 
levels than their nondiabetic controls (6.5 ± 4.6 vs. 
4.4 ± 3.5 μl/ml, respectively; p= 0.02) and that for 
any given level of adiponectin, type 1 diabetic 
patients had decreased insulin sensitivity com-
pared to their nondiabetic controls as manifested 
by a lower glucose infusion rate [33].

Observational studies suggest that higher adi-
ponectin levels in type 1 diabetic patients are 
associated with higher risk of microvascular 
complications including retinopathy [34] and 
progression of diabetic nephropathy [35]. It is 
unclear if these complications are directly related 
to adiponectin or are a marker of greater insulin 
resistance. Nevertheless, these observations chal-
lenge the cardioprotective role of adiponectin in 
patients with type 1 diabetes mellitus.

 Adiponectin and Cardiovascular 
Disease

A number of studies have sought to examine the 
relationship between adiponectin and cardiovas-
cular disease (Table 20.1). Existing data strongly 

suggest that adiponectin has anti-atherogenic and 
anti-inflammatory roles. In cellular and vascular 
injury, serum adiponectin levels are elevated and 
directly linked to vascular intima specific colla-
gen [36]. Human studies have shown that dia-
betic patients with underlying coronary disease 
have lower adiponectin levels compared to the 
general population and diabetics without coro-
nary disease [30]. Adiponectin also increases 
COX-2 in endothelial cells [37]. In addition, adi-
ponectin levels were observed to inhibit expres-
sion of cell adhesion molecules suggesting a role 
in downregulation of inflammatory response 
[38]. In vitro studies suggest that adiponectin has 
a central role in vasodilation via its effect on 
nitric oxide (NO). Adiponectin has enzymatic 
regulation of endothelial nitric oxide synthase 
(eNOS) via a host of different mechanisms 
including increasing mRNA stability, increasing 
Ser1179 phosphorylation, and associating with 
scaffolding proteins [39].

In response to in vitro studies that suggest that 
adiponectin serves a cardioprotective function, 
population-based studies have examined adipo-
nectin’s impact on the development of coronary 
vascular disease. For example, in a cross-sec-
tional study of 298 patients, Matsuda et al. looked 
at multivessel coronary disease on CT coronary 
angiography (CTCA) in relationship to adiponec-
tin levels [1]. In this study, low adiponectin, along 
with four other traditional risk factors for coro-
nary artery disease including age, sex, high tri-
glyceride  levels, and diabetes mellitus, were 
noted to have predictive values for multivessel 
disease found on CTCA (ROC analysis, AUC 
0.72; 95% CI, 0.67–0.78). In addition, low adipo-
nectin was noted to be associated with multives-
sel disease independent of the other risk factors. 
However, when low HDL and abdominal obesity 
were accounted for, the AUC decreased and was 
deemed to not be predictive for coronary artery 
disease in this study. However, further cross-sec-
tional studies suggest that HMW adiponectin 
directly correlates to serum HDL levels [5].

In another study, Yoon et al. attempted to cor-
relate adiponectin to carotid intima-media thick-
ness as a surrogate for atherosclerosis [3]. This 
cross-sectional study of 1033 Korean participants 
showed that at the highest quartile of adiponectin 
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(defined as >9.90 mg/L in men and > 13.4 mg/L 
in women), adiponectin was associated with 
reduced subclinical atherosclerosis (OR 0.42 
[95% CI] 0.25–0.77 and 0.47 [95% CI] 0.29–
0.75, respectively). In addition, when adiponec-
tin was added to the risk prediction model, AUC 
of the ROC analysis was observed to increase by 
0.025 and 0.022 in men and women, respectively, 
demonstrating its predictive value for carotid 
intima-media thickness.

Kawagoe et  al., based on an earlier study 
suggesting that local intracoronary adiponectin 
influences coronary perfusion, examined intra-
coronary adiponectin’s impact as a predictor of 
adverse coronary events including unstable 
angina, heart failure, and myocardial infarction 
[2]. In this study, 48 patients with left anterior 
descending artery stenosis requiring percutane-
ous coronary intervention were divided into 
high vs. low adiponectin groups (greater or less 
than 0 μg/mL at the left coronary artery, respec-
tively). Coronary adiponectin was calculated as 
the plasma adiponectin level at the great cardiac 
vein minus the level at the orifice of the left cor-
onary artery. Retrospective examination of 
patient records over a period of 66 months dem-
onstrated a higher incidence of adverse coro-
nary events in the low adiponectin group as 
compared with the high adiponectin group (7 
events among 11 patients vs. 9 events among 37 
patients, respectively; p = 0.02).

Coronary artery disease as measured 
directly by coronary artery angiogram in rela-
tionship to baseline adiponectin levels and 
metabolic syndrome was the subject of a cross-
sectional study by Yamashita et al. [4]. In this 
analysis, 97 patients without diabetes mellitus 
undergoing elective coronary angiography par-
ticipated in this study. In multivariate analyses, 
low adiponectin levels (defined as <4.5 μg/mL) 
were found to be a predictor of multivessel dis-
ease (OR 3.47 [95% CI] 1.27–9.89). 
Combination of low adiponectin with addi-
tional components of metabolic syndrome was 
not associated with increased incidence of 
multivessel coronary artery disease, but the 
combination of adiponectin levels >4.5 μg/mL 

and  <3 components of metabolic syndrome 
were associated with decreased prevalence of 
multivessel coronary artery disease (OR 0.23 
[95% CI] 0.09–0.56).

To further quantify the role of adiponectin in 
diabetes mellitus, Wu et  al. conducted the first 
systematic review and meta-analysis of five pro-
spective studies and one nested case-control 
study that examined the relationship between 
serum adiponectin levels and cardiovascular dis-
ease in patients with type 1 and 2 diabetes melli-
tus [40]. Data in type 1 diabetics showed that 
adiponectin was inversely related to risk of coro-
nary heart disease, whereas studies in type 2 dia-
betic patients showed mixed associations between 
serum adiponectin concentrations and type 2 
diabetes.

 Adiponectin and Mortality Risk

 General Population
Pischon et  al. conducted a nested case-control 
study among 18,225 male participants from the 
Health Professionals Follow-Up Study that 
examined the association of baseline adiponectin 
levels with the primary outcome of the incidence 
of fatal and nonfatal coronary heart disease over 
a total duration of 6 years [6]. In this study, higher 
adiponectin levels showed associations with 
higher HDL cholesterol levels and lower triglyc-
eride, C-reactive protein, HbA1c, and BMI lev-
els. In multivariable analyses,  adiponectin was 
inversely associated with the risk of myocardial 
infarction, such that the highest quintile of adipo-
nectin demonstrated a RR of 0.56 (95% CI) 0.32–
0.99. Adiponectin was therefore observed to be 
favorably associated with cardiovascular risk fac-
tors and decreased risk of fatal and nonfatal coro-
nary disease.

 Non-dialysis-Dependent Chronic 
Kidney Disease
Multiple observational studies have shown that 
adiponectin levels are increased in patients with 
kidney disease and that the degree of adiponectin 
elevation corresponds to the extent of renal dys-
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function (Table 20.2). In the NDD-CKD popula-
tion, it is currently unclear whether adiponectin 
serves as a cardiovascular protective agent or as 
an indicator of increased mortality risk.

An early prospective study conducted by 
Becker et al. examined a population of 227 non-
diabetic patients with NDD-CKD (average GFR 
63  ml/min/1.73m2) [41]. Baseline adiponectin, 
insulin, and insulin resistance were measured, 
and patients had a follow-up period that averaged 
54 months. Despite the varying stages of CKD, 
mean baseline adiponectin levels in this popula-
tion did not show any statistically significant dif-
ferences according to CKD status (6.6 ± 2.8 μg/
ml vs. 6.1  ±  4.2  μg/ml for controls vs. CKD 
patients, respectively). However, higher fasting 
insulin levels and greater insulin resistance were 
observed in the CKD group as compared with 
age, sex, and BMI-matched controls. Ten patients 
during the follow-up period experienced non- 
cardiovascular events; these patients were noted 
to have lower adiponectin levels at baseline com-
pared to patients who did not experience cardio-
vascular events (3.0  ±  1.3 vs. 6.5  ±  4.5 μg/ml, 
respectively). In addition, they were noted to 
have increased fasting insulin and serum glucose 
levels, as well as greater insulin resistance. This 
study suggests that in NDD-CKD patients, adi-
ponectin serves as a vasoprotective agent and that 
hypoadiponectinemia may be a cardiovascular 
risk factor.

The hypothesis that adiponectin may serve a 
cardioprotective role in CKD has been further 
supported by subsequent studies. Included 
among these studies is a prospective analysis 
by Imawashi et al. that followed a group of 150 
Japanese NDD-CKD patients with the goal of 
determining adiponectin’s association with car-
diovascular morbidity and mortality, including 
death secondary to cardiovascular disease [7]. 
Unlike the Becker et  al. study, patients with 
diabetes and diabetic nephropathy were 
included in this trial. Baseline adiponectin lev-
els were directly linked with increasing CKD 
stage. During an average follow-up period over 
31.9 ± 1.5 months, patients who developed de 
novo cardiovascular events, including cardio-

vascular death, were noted to have lower adipo-
nectin levels at baseline as compared with those 
who did not (5.0  ±  1.3 vs. 8.4  ±  0.7  μg/ml, 
respectively). Recurrent ischemic heart disease 
was also noted to be associated with lower adi-
ponectin levels. When adjusted for pre-existing 
ischemic heart disease, smoking, and CKD 
stage, each 1  μg/ml increment in adiponectin 
level was associated with a HR of 0.86 (95% 
CI) 0.75–0.96; p  =  0.004) for cardiovascular 
events and mortality. Therefore, the authors 
concluded that higher adiponectin levels may 
have a cardioprotective function independent of 
the elevations ensuing from kidney 
dysfunction.

Not all studies have corroborated a cardiopro-
tective role of adiponectin; however, Jorsal et al. 
studied a cohort of 438 patients with type 1 dia-
betes mellitus with NDD diabetic nephropathy as 
defined by the presence of macroalbuminuria 
[25]. This group had a mean  ±  SD eGFR of 
66 ± 28 ml/min/1.73 m2. They were followed for 
an average of 8.1  years and matched with 440 
patients with type 1 diabetes without macroalbu-
minuria. Baseline characteristics showed that 
patients with diabetic nephropathy had higher 
adiponectin levels compared to those without 
nephropathy. Upon follow-up, it was observed 
that baseline adiponectin levels were an indepen-
dent predictor of all-cause mortality when 
adjusted for covariates that included age, sex, 
presence of nephropathy, blood pressure, HbA1c, 
creatinine, cholesterol, and antihypertensive 
treatment. Associations with fatal and nonfatal 
cardiovascular events did not reach statistical 
significance. In addition, adjusted analyses 
showed that baseline adiponectin levels predicted 
progression to ESRD with a HR of 2.72 (95% CI) 
1.27–5.84; p = 0.10.

Menon et al. conducted a secondary analysis 
of the Modification of Diet in Renal Disease 
(MDRD) study to examine the association of adi-
ponectin with cardiovascular outcomes and mor-
tality risk [8]. Unlike the aforementioned studies 
which largely focused upon stage 1–2 CKD 
patients, this study focused on 820 patients with 
stage 3–4 CKD (mean ± SD eGFR of the cohort 
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was 33  ±  12  ml/min/1.73m2) with an average 
follow-up of 10 years. Results of fully adjusted 
Cox regression models showed that each 1 μg/ml 
increase in adiponectin was associated with a 3% 
higher risk of all-cause mortality after adjustment 
for cardiovascular risk factors: HR 1.03 (95% CI) 
1.00–1.07; p = 0.05. Adiponectin was also found 
to be associated with higher cardiovascular mor-
tality: HR 1.07 (95% CI) 1.03–1.11; p = 0.001.

 Dialysis-Dependent End-Stage Renal 
Disease
Serum adiponectin level has been observed to be 
approximately 2.5-fold higher in ESRD patients 
than in average healthy subjects [10]. Among 
studies of ESRD patients, the evidence is mixed 
with respect to associations of adiponectin with 
mortality risk (Table  20.2). However, multiple 
studies suggest that higher adiponectin levels 
may have a protective role in this population.

In one of the seminal studies conducted to 
date, Zoccali et al. conducted a prospective study 
following 227 Caucasian ESRD patients on 
hemodialysis who had no symptoms of heart fail-
ure with a mean  ±  SD follow-up of 
31  ±  13  months. Adiponectin levels were col-
lected at baseline, and the primary endpoints of 
the study were cardiovascular events and all- 
cause mortality risk. Baseline adiponectin levels 
were found to directly correlate with HDL while 
inversely correlating with triglyceride, insulin, 
and BMI levels. Results showed that the lowest 
tertile of adiponectin was associated with higher 
risk of adverse cardiovascular events (ref: highest 
tertile): RR 1.56 (95% CI) 1.12–1.99. After 
adjustment for Framingham cardiovascular risk 
factors, C-reactive protein, homocysteine, as well 
as hemoglobin, albumin, calcium, phosphate, and 
duration of hemodialysis, each 1  μg/mL incre-
ment in adiponectin level was associated with a 
3% reduction in fatal and nonfatal cardiovascular 
events: HR 0.97 (95% CI) 0.93–0.99; p = 0.04. 
Hence, this study suggested a cardioprotective 
role for adiponectin in ESRD patients.

Subsequent studies have suggested that adipo-
nectin’s relationship with mortality may be 
dependent upon obesity status. In a prospective 

cohort study of 537 hemodialysis patients, 
Zoccali et al. examined whether the association 
between adiponectin and mortality is modified by 
waist circumference (WC) as a proxy of visceral 
body fat [42]. Investigators observed that WC 
negatively correlated with C-reactive protein. In 
survival analyses, higher adiponectin levels were 
associated with lower all-cause mortality among 
patients in the lowest tertile of WC but were asso-
ciated with higher mortality among patients in 
the highest tertile of WC.

There have been numerous corollary studies 
following the trial conducted by Zoccali et al. 
For example, Takemoto et al. conducted a pro-
spective cohort study of 68 Japanese hemodi-
alysis patients [12]. This trial was distinguished 
by an exceptionally long follow-up period of 8 
years following measurement of baseline adi-
ponectin levels. Primary outcomes included 
coronary heart disease as defined by angina 
pectoris and fatal or nonfatal myocardial 
infarction. Baseline adiponectin levels were 
much higher in females than in male patients 
(15.70 ± 7.10 vs. 9.34 ± 4.28 μg/mL, respec-
tively). Data analyses showed that plasma adi-
ponectin was positively correlated with serum 
HDL cholesterol levels (R = 0.043; p = 0.009) 
and inversely correlated with waist circumfer-
ence (R = −0.48; p = 0.002) and serum creati-
nine (R  =  −0.39; p  =  0.02) which were 
independent parameters that influence plasma 
adiponectin concentrations. In Cox regression 
analyses, higher plasma adiponectin levels 
were associated with lower risk of coronary 
heart disease: HR 0.74 (95% CI) 0.57–0.97 in 
men and HR 0.79 (95% CI) 0.67–0.94  in 
women. However, significant associations were 
not observed with  all- cause mortality: HR 1.03 
(95% CK) 0.91–1.17 in men and HR 0.98 (95% 
CI) 0.91–1.06 in women.

Diez et al. conducted a retrospective study of 
164 hemodialysis and peritoneal dialysis patients 
that examined longitudinal adiponectin levels 
collected at baseline and 12  months with a 
mean ± SD follow-up of 33.9 ± 15.7 months [11]. 
Results showed that compared to peritoneal dial-
ysis patients, those receiving hemodialysis had 
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lower baseline adiponectin levels. In multivariate 
adjusted Cox regression analyses, baseline, 1 
year, and mean adiponectin levels were shown to 
be associated with lower all-cause mortality risk. 
The same pattern of findings was observed for 
cardiovascular mortality and nonfatal cardiovas-
cular events. However, these associations did not 
persist when restricted to hemodialysis patients 
only.

However, not all studies have corroborated a 
potential cardioprotective role of adiponectin. 
Drechsler et  al. examined the data from 1255 
participants from the German Die Deutsche 
Diabetes Dialyse (4D) study who underwent 
baseline and 6-month adiponectin measure-
ments [14]. Primary endpoints included sudden 
death, stroke, myocardial infarction, combined 
cardiovascular events, and all-cause mortality. 
In crude analyses, baseline adiponectin levels 
were associated with higher risk of sudden 
death, stroke, and combined cardiovascular 
events (HRs 1.26, 1.40, and 1.66, respectively). 
However, in multivariate analyses, associations 
with stroke did not persist, and baseline adipo-
nectin was associated with a higher risk of com-
bined cardiovascular events (HR 1.27 [95% CI] 
1.05–1.52) and sudden death (HR 1.39 [95% 
CI] 1.02–1.89). Baseline adiponectin levels 
were not associated with higher risk of all-cause 
death risk in crude or multivariate analyses. The 
highest tertile of baseline adiponectin levels 
were associated with higher incidence of cardio-
vascular events and stroke (HR 1.33 [95% CI] 
1.03–1.72 and HR 2.39 [95% CI] 1.28–4.48, 
respectively). No associations were observed 
between the highest tertile of adiponectin and 
all- cause death. Rising adiponectin levels 
defined as an increase of levels 12.3% above 
baseline were associated with higher risk of 
adverse events. Increasing adiponectin levels 
showed positive correlations with rise in 
NT-pro-BNP and inverse correlations with 
change in BMI. In crude analyses, patients with 
rising adiponectin levels were observed to have 
higher rates of sudden death, myocardial infarc-
tion, and all-cause mortality: HR 1.51 (95% CI) 
1.02–2.25, HR 1.66 (95% CI) 1.15–2.39, and 

HR 1.29 (95% CI) 1.06–1.57, respectively. 
However, these associations did not persist after 
multivariate adjustment.

Rao et al. conducted a secondary analysis of 
182 hemodialysis-dependent patients from the 
HEMO study that measured baseline and 
yearly adiponectin levels over an average of 
3.96 years of follow-up [15]. The primary out-
come was defined as all-cause mortality, and 
secondary outcomes consisted of first hospital-
ization for cardiac causes and death from car-
diac causes. Higher adiponectin levels were 
found to be associated with a lower risk for 
vascular disease with ORs of 0.70 (95% CI) 
0.51–0.95. The relationship between baseline 
plasma adiponectin and all-cause mortality as 
well as cardiovascular hospitalization risk was 
nonlinear and best described with a quadratic 
transformation, but even this did not reach sta-
tistical significance. In unadjusted Cox analy-
ses, changes in adiponectin levels from baseline 
did not show a statistically significant associa-
tion with all-cause mortality nor cardiovascu-
lar disease outcomes. Upon adjustment for 
covariates which included C-reactive protein 
and IL-6, statistically significant associations 
were observed. However, subsequent adjust-
ment for various covariates showed mixed 
findings, with unclear conclusions drawn from 
these analyses.

 Kidney Transplantation Recipients
ESRD patients who undergo kidney transplan-
tation have been observed to have lower serum 
adiponectin levels compared to pretransplant 
patients but remain higher relative to that of 
non- ESRD populations [43, 44]. With respect 
to outcomes in this population (Table  20.2), 
Alam et  al. examined 987 Hungarian ESRD 
patients who underwent kidney transplantation 
and were followed for median duration of 
51 months with a primary outcome of all-cause 
mortality and graft failure [16]. This study 
showed that adiponectin was independently 
associated with all-cause mortality with a HR 
of 1.44 (95% CI) 1.13–1.85. Compared to 
those in the lowest tertile, patients in the high-
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est tertile of baseline adiponectin levels had an 
adjusted mortality HR of 1.80 (95% CI) 1.09–
2.96. In addition, higher adiponectin levels 
were predictive of graft failure with a HR of 
1.83 (95% CI) 1.48–2.26, but these associa-
tions became nonsignificant in fully adjusted 
models.

 Leptin

Leptin is a 16-kDa adipocytokine composed of a 
167-amino-acid protein that is expressed pri-
marily by adipose tissue. It functions via recep-
tors in the hypothalamus and regulates 
neuroendocrine functions, energy intake, and 
inflammation [45]. Leptin has a broad and 
important role in regulating the physiology of 
energy metabolism, inflammatory response, and 
energy storage [46–48]. It is known that leptin 
levels directly correlate with BMI and body fat 
composition and are inversely associated with 
malnutrition markers [49–51]. In the general 
population, leptin has been associated with 
higher risk of cerebral vascular disease, carotid 
intimal hyperplasia, and cardiovascular disease 
and is thought to be potently pro- atherogenic 
and pro-inflammatory [52–55]. Notably, in 
comparison with the general population, ESRD 
patients have been found to have significantly 
higher leptin levels, and this is hypothesized to 
be a result of increased production rather than 
decreased renal clearance [56].

 Leptin, Cardiovascular Disease, 
and Mortality

There are very few studies which have investi-
gated leptin’s association with cardiovascular 
risk and mortality in the ESRD population, 
although small prospective and cross-sectional 
analyses have suggested a potentially cardio-
protective role for leptin (Table 20.3). A small 

prospective observational study in a cohort of 
53 Chinese hemodialysis patients has shown 
that leptin levels above the median value were 
associated with lower cardiovascular and all-
cause mortality [59]. However, small cross-
sectional studies have failed to show an 
association between leptin and vascular dis-
ease [58], left ventricular hypertrophy [62], 
and anemia [60] in the ESRD population. 
Further investigations are necessary to eluci-
date the role in leptin in the ESRD 
population.

 Conclusion

Adiponectin and leptin are important adipokines 
that act on multiple organ systems. Serum adipo-
nectin levels are strongly affected by obesity and 
insulin sensitivity. In studies of the general popu-
lation, higher serum adiponectin levels have been 
suggested to have cardioprotective functions, 
whereas lower levels have been associated with 
higher risk of morbidity. In patients with kidney 
dysfunction, higher levels of adiponectin have 
been observed. However, the impact of higher 
adiponectin levels upon the cardiovascular mor-
bidity and mortality of NDD-CKD and ESRD 
populations remains in dispute. It is unclear if 
higher adiponectin levels are a marker of the 
inflammatory state in ESRD or rather reflect gen-
eral nutritional deficiency rather than a physio-
logical response to renal failure. In the general 
population, high leptin levels are associated with 
pro- inflammatory and atherogenic responses, as 
well as a higher risk of cardiovascular disease. 
However, these associations have not been 
observed in the ESRD population, and small 
studies suggest high leptin levels may be associ-
ated with improved cardiovascular outcome. 
Further trials are needed to categorically qualify 
the role of adiponectin and leptin upon the car-
diovascular health and survival of kidney disease 
patients.
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Growth Hormone Disorders 
and Abnormal Stature in Kidney 
Disease

Amira Al-Uzri, Annabelle N. Chua, 
and Bradley A. Warady

 Prevalence of Short Stature in CKD

Severe short stature, a frequent complication 
experienced by children with chronic kidney dis-
ease (CKD), is defined as a height standard devia-
tion score (SDS) of −1.88 or worse, equivalent to 
≤ third percentile for age and sex. The reported 
prevalence varies from 12 to 50% based on the era 
of reporting (being higher in older reports) and 
also by the level of kidney function (being more 
pronounced at lower levels of kidney function) 
[1–4]. Two important studies from North America 
have revealed different prevalence data. The 
Chronic Kidney Disease in Children (CKiD) 
study, an observational longitudinal study that 
was initiated in 2006 and that includes children 
with CKD stages 2–4, has reported the prevalence 

of short stature to be 12% in their cohort of 799 
children [2]. In comparison, the North American 
Pediatric Renal Trials and Collaborative Studies 
(NAPRTCS), a voluntary registry that has col-
lected data on children with CKD stages 2–4 since 
1994, has reported a 35.5% prevalence of short 
stature in children with CKD at the time of regis-
try entry [5]. A greater height deficit was noted for 
younger patients with growth failure, being docu-
mented in 58% of patients <1 year of age as com-
pared to 22% of those >12 years of age.

In contrast to those with mild to moderate 
CKD, there is a higher prevalence of severe short 
stature in children on dialysis with over 40% of 
children having a height SDS of −1.88 or worse, 
which tends to improve in the youngest patients 
following kidney transplantation [6–8].

 The Impact of Growth Retardation 
in Children with CKD

Emerging evidence suggests that short stature in 
children with CKD is not merely a cosmetic issue 
for children and parents but rather a complication 
of CKD that is associated with higher morbidity 
and mortality, as well as lower health-related 
quality of life (HRQoL).

Early work by Furth et al. revealed that short 
stature in children on dialysis was associated with 
higher rates of hospitalization and mortality when 
compared to those with normal heights [9–12].
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Most recently, the CKiD study has shown that 
children with CKD stages 2–4 have a lower over-
all HRQoL compared to healthy children [13], 
and one of the factors that may influence that out-
come is height. In a CKiD analysis of patient and 
parent data derived from the Pediatric Quality of 
Life Inventory (PedsQL; Version 4.0) and its four 
domains (e.g., physical, emotional, social, and 
school), investigators reported statistically sig-
nificant associations between improvement in 
height SDS and better HRQoL scores in the 
physical functioning and social functioning 
domains by parent proxy reports, implying that 
parents of children with short stature believe that 
physical and social functioning domains are 
impacted by growth [1].

 Factors Related to Growth in CKD

The etiology of growth retardation in children 
with CKD is undoubtedly multifactorial in ori-
gin. Factors that influence the development of 
growth failure include age at onset of CKD and 
abnormal birth history, protein and calorie mal-
nutrition, metabolic acidosis, primary renal dis-
order and severity of renal impairment, chronic 
kidney disease-mineral bone disorders, altera-
tions of the growth hormone/insulin-like growth 
factor I (GH/IGF-I) axis, and pubertal delay.

Infants with CKD pose a unique challenge in 
terms of overall management and are particularly 
vulnerable to growth failure in the first two years 
of life, a period in which approximately one-third 
of the final height is attained in healthy children 
[14, 15]. Studies by Betts et al. revealed that more 
than half of the children who developed renal 
insufficiency during infancy were at or below the 
third percentile for height in later years, whereas 
those who developed renal insufficiency later 
during childhood were closer to normal in height. 
In addition, a seminal finding was that reduced 
growth velocity occurred when the energy intake 
fell below 80% of the recommended dietary 
allowance (RDA) [15].

Infants and children with CKD and end-stage 
renal disease (ESRD) oftentimes have inade-
quate nutritional intake with the mean caloric 
intake reported to range from 62–85% of dietary 
reference intake (DRI), emphasizing the impor-

tance of periodic assessment of the nutritional 
status [16–19]. The assessment frequency should 
be greatest in the youngest patients and in those 
with advanced stages of CKD.  Improving the 
caloric intake to meet at least 100% of the DRI 
has been shown to result in an improved linear 
growth rate, particularly in infants [20–22]. In 
turn, if the voluntary intake is not sufficient to 
meet 100% of the DRI for calories, supplemental 
enteral feeds either orally or via nasogastric/gas-
trostomy tube may be required [20, 23]. In addi-
tion, the provision of a low protein diet to infants 
with CKD has resulted in diminished linear 
growth; therefore, current recommendations are 
that the dietary protein intake for infants and chil-
dren with CKD should provide 100% of the DRI, 
using proteins of high biologic value [18, 24].

The impact of abnormal birth parameters on 
the growth of infants and children with CKD was 
explored by Greenbaum et al. in a report from the 
CKiD study [25]. In that analysis of 426 children, 
low birth weight (LBW) (<2500  g) and SGA 
(birth weight < 10th percentile for gestational age) 
were noted to be present in 17% and 14% of the 
cohort, respectively. A negative effect of LBW 
(−0.43 ± 0.14; P < 0.01) and SGA (−0.29 ± 0.16; 
P = 0.07) on height SDS highlighted both LBW 
and SGA as risk factors for short stature in chil-
dren with CKD [25]. Another large study by 
Franke et  al., of 435 children with CKD stages 
3–5, documented the high frequency of abnormal 
birth exposures in that 31.8% of children with 
CKD had a history of prematurity and 27.8% had 
a history of SGA compared to only 8.0% and 
8.1%, respectively, in 61 children in the reference 
group [26]. In a subsequent longitudinal follow-up 
study of 509 children in which poor growth was 
defined as height SDS <2, Frank et al. observed 
that the rate of prematurity and SGA was signifi-
cantly higher in children who grew poorly (43.2% 
and 36.8%), compared to those with good growth 
(25.6% and 18.9%) (P < 0.001) [27].

The influence that the primary renal disorder has 
on linear growth and attainment of final adult height 
is evident when comparing those children born with 
non-glomerular disorders versus acquired glomeru-
lar disease. For example, children born with aplas-
tic/dysplastic/hypoplastic kidneys and CKD have 
more severe growth impairment relative to children 
with glomerular diseases, reflecting the longer bur-
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den of CKD that starts at birth [2, 5, 28]. In addition, 
many children with early-onset CKD have renal 
tubular injury which results in urinary losses of salt 
and base which can predispose to poor growth if 
adequate salt supplementation or sodium bicarbon-
ate is not provided [2, 29].

Indeed, metabolic acidosis has been demon-
strated to contribute to poor growth as evidenced 
by impaired growth in children with untreated 
renal tubular acidosis (RTA) and in those with 
CKD [30]. Metabolic acidosis may contribute to 
poor growth for a variety of reasons, including its 
association with resistance to the anabolic actions 
of growth hormone [14, 18, 31]. In addition, met-
abolic acidosis suppresses albumin synthesis, 
promotes calcium efflux from bone, and pro-
motes protein degradation.

The relationship between the level of kidney 
function and growth was clearly demonstrated in a 
NAPRTCS analysis in which children were 
divided into three cohorts at the time of registry 
entry based upon their creatinine clearance. 
Patients with observed mean height SDS values of 
−1.92, −1.48, and −0.8 had mean creatinine clear-
ance values of 10–25, 26–50, and >50  mL/
min/1.73  m2 [5]. In a more recent longitudinal 
analysis from the CKiD study, a decrease in height 
SDS of 0.14 was noted for each 10/mL min/1.73 m2 
decrease in glomerular filtration rate (GFR) [2].

Finally, CKD-associated mineral and bone dis-
orders range from high-turnover lesions of second-
ary hyperparathyroidism to low-turnover lesions 
of osteomalacia and adynamic bone disease, both 
of which can contribute to growth failure [32]. 
Secondary hyperparathyroidism may lead to poor 
linear growth as it influences the expression of key 
regulators of endochondral bone formation thereby 
altering the normal architecture of the growth plate 
cartilage [18]. Adynamic bone disease has been 
shown to lead to growth failure in children under-
going chronic peritoneal dialysis in association 
with high-dose pulse calcitriol therapy [33].

 Disturbances of the Growth 
Hormone-IGF Axis in CKD

Growth hormone is freely filtered by the glomer-
ulus; in turn, plasma levels rise as renal function 
declines, resulting in normal or high serum levels 

of growth hormone in children with CKD [6]. 
Recognition of the normal or high fasting serum 
levels of growth hormone in children with CKD 
or ESRD and growth impairment has led to the 
concept of growth hormone insensitivity or resis-
tance in uremia. Several mechanisms contribute 
to growth hormone resistance and likely involve 
the growth hormone receptor (GHR), growth 
hormone signal transduction, and insulin-like 
growth factor I (IGF-I) which is the mediator of 
most actions of growth hormone. In addition to 
the effect of uremia on the development of growth 
hormone resistance, the growth hormone-IGF-I 
axis is sensitive to nutritional deficiencies, 
inflammation, and acidosis, all of which are com-
mon complications of CKD [34].

One mechanism of growth hormone resistance 
in CKD is the reduced density of growth hor-
mone receptors in target organs, which is reflected 
by a decreased serum growth hormone-binding 
protein (GHBP) concentration. The GHBP con-
centration has been used as a surrogate marker of 
GHR number given that GHBP is a cleaved prod-
uct of the growth hormone receptor with release 
of the extracellular domain into the circulation. 
The GHBP concentration has been found to be 
low in children with CKD and is proportionate to 
the degree of renal dysfunction [35]. Another 
mechanism to explain growth hormone resistance 
is a defect in the post-receptor growth hormone-
activated Janus kinase/signal transducer and acti-
vator of transcription (JAK/STAT) signaling, 
both of which must be intact for growth hormone- 
stimulated IGF-I gene expression to occur. 
Activation of JAK2 occurs after binding of 
growth hormone to its receptor. JAK2 then self- 
phosphorylates, followed by phosphorylation of 
the GHR and subsequently STAT 1a, STAT 3, 
STAT 5a, and STAT 5b, which are members of a 
larger family of cytoplasmic transcription fac-
tors. These phosphorylated STATs form dimers 
which then enter the nucleus where they bind 
specific deoxyribonucleic acid sequences to acti-
vate or repress their target genes, including IGF-I 
and some suppressors of cytokine signaling 
(SOCS). Impaired phosphorylation of JAK2 and 
STAT proteins, as well as the nuclear levels of 
phosphorylated STAT proteins, occurs in CKD 
thereby leading to impaired IGF-I gene expres-
sion [36].
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Decreased bioactivity of IGF-I due to an 
excess of circulating IGF-binding proteins 
(IGFBPs) is yet another explanation for growth 
hormone resistance in CKD.  IGFBPs are nor-
mally cleared through the kidney; therefore, 
accumulation of IGFBPs occurs in CKD in rela-
tion to the degree of kidney dysfunction. Serum 
IGFBP-1, IGFBP-2, IGFBP-4, and IGFBP-6 lev-
els and immunoreactive low molecular fragments 
of IGFBP-3 are elevated and form high-affinity 
complexes with IGF-I and insulin-like growth 
factor 2 (IGF-2), thereby reducing bioavailability 
(Fig.  21.1) [14, 37]. In addition, increased 
IGFBP-1 mRNA and IGFBP-2 mRNA have been 
noted in liver tissue in experimental uremic states 
which suggests that hepatic production of 
IGFBP-1 and IGFBP-2 also contributes to ele-
vated IGFBPs in CKD [38].

 Delayed Puberty in Children 
with CKD

Pulsatile secretion of growth hormone increases at 
puberty and the growth hormone system is modi-
fied by gonadarche. Estrogens potentiate growth 
hormone release in response to growth hormone-
releasing peptide or growing hormone-releasing 
hormone. Appropriate growth is achieved only in 
the presence of gonadarche [39, 40]. As such, chil-
dren with CKD oftentimes experience delayed 
puberty, lagging approximately two years behind 
their peers in the onset and progression of gonad-
arche [41]. In addition, the minimal prespurt 
height velocity in children with CKD has been 
noted to be reduced by 50%, the peak height veloc-
ity is reduced by 50%, and the duration of the 
pubertal growth spurt is shortened by one year 
[42]. The mechanism for the pubertal delay is at 
least in part related to the fact that the presence of 
CKD can interfere with the neurohypophyseal 
reproductive axis at every level [43]. Children with 
CKD exhibit disturbances in the gonadotropic hor-
mone axis with elevated gonadotropin levels due 
to decreased renal clearance and reduction of the 
pituitary secretion of bioactive luteinizing hor-
mone (LH) as compared to healthy adolescents. 
Schaefer et  al. observed a three- to fourfold 
increase in the estimated plasma half- life of LH, a 
marked reduction in the pulsatile LH secretory 
rate, and a relative increase in the apparent basal 
secretion of immunoreactive LH in uremic patients 
compared to healthy controls [44]. In the renal 
transplant recipients, none of the LH secretory and 
clearance characteristics were significantly differ-
ent from controls, suggesting reversibility of the 
changes observed in uremic patients after recovery 
of renal function. In fact, they demonstrated an 
inverse relationship between the plasma half-life 
of bioactive LH and GFR. In pubertal females with 
CKD, the altered secretory pattern of LH may per-
turb the emergence of the physiological periodical 
changes in LH pulsatility which is required for 
regular ovarian cycles, thereby leading to delayed 
menarche, reduced fertility, and menstrual disor-
ders [44].

Plasma testosterone concentrations are also 
decreased in CKD, and free testosterone levels are 
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further decreased due to a rise in sex hormone- 
binding globulins, thereby resulting in suboptimal 
pubertal growth and development [45]. Other 
abnormalities that contribute to pubertal delay 
include suppression of pulsatile gonadotropin-
releasing hormone (GnRH) secretion due to eleva-
tions of prolactin levels, as well as elevated levels 
of inhibin which is a negative regulator of pituitary 
function produced by the Sertoli cell [43, 46].

Finally, many children with CKD and post- 
renal transplant are treated with steroids. Steroids 
reduce growth hormone pulsatility which is 
important during the peripubertal years. In the 
setting of steroid therapy, the normal physiologi-
cal increase in growth hormone secretion that 
occurs during puberty is reduced, and the associ-
ation between sex steroid plasma concentrations 
and growth hormone release observed in healthy 
adolescents is blunted, resulting in delayed, 
attenuated growth [6, 47, 48].

 Growth in Infants with CKD

The first two years of life is a period of very rapid 
growth with high calorie and protein require-
ments. Growth in early infancy is principally 
dependent on nutrition rather than growth hor-
mone, with the rate of growth as high as 1.5 cm 
per month in the first six months of life [49]. 
Infants with CKD, however, commonly experi-
ence feeding difficulties, vomiting, and infec-
tions which can lead to inadequate nutritional 
intake, thereby resulting in the loss of as much as 
2 height SD scores [50–52]. In addition, salt 
depletion, which is known to limit growth, may 
occur in infants born with salt-wasting renal dis-
orders [29]. As such, enteral feeding by nasogas-
tric or gastrostomy tube is considered an essential 
tool to optimize nutrition and growth, as well as 
to provide necessary medications and supple-
ments in young infants [53]. An increase or main-
tenance of length SDS has been reported to be 
greater in infants with CKD who received gas-
trostomy feeding as compared to nasogastric tube 
or on demand feeding, likely as a result of the 
decreased propensity for emesis with use of a 
gastrostomy [52]. Aggressive nutritional support 

may not always be sufficient, however, to achieve 
normal or catch-up growth rates, and in many of 
those cases, the introduction of recombinant 
human growth hormone (rhGH) therapy may be 
indicated [50, 54, 55].

 Growth in Children on Dialysis

As with growth failure in CKD, growth failure in 
children on dialysis is multifactorial in origin, 
being influenced by nutritional, metabolic, and 
hormonal alterations [52, 56]. In addition, 
patients with congenital renal disease and inher-
ited metabolic disorders who experience impaired 
kidney function from birth regularly achieve a 
significantly smaller final adult height as com-
pared to patients with disorders typically first 
manifesting in later childhood. While still subop-
timal, the growth of pediatric ESRD patients has 
demonstrated improvement over the past few 
decades, which suggests overall improvement in 
the management of these patients, with greater 
attention to the modifiable factors which influ-
ence growth outcomes [28, 29, 57–59]. One such 
factor is dialysis adequacy. While the achieve-
ment of standard dialysis adequacy targets has 
not routinely been associated with catch-up 
growth in dialysis patients, the provision of daily 
hemodiafiltration to a small number of children 
has been associated with exceptional growth, 
likely the result of “optimal” solute clearance and 
enhanced nutritional intake [60]. Further 
 evaluation of this treatment approach and the 
resultant impact on growth should be 
encouraged.

In peritoneal dialysis (PD) patients in particu-
lar, contributors to growth failure include poor 
nutritional intake and significant protein losses in 
the PD effluent, the latter often occurring in the 
setting of high transport characteristics of the 
peritoneal membrane [19, 56, 57]. Adequate 
nutritional intake is particularly difficult to 
achieve in infants on PD as they are prone to gas-
troesophageal reflux and vomiting due to uremia, 
raised intra-abdominal pressure due to the pres-
ence of dialysate, and the need to concentrate 
feeds and minimize volume for oliguric/anuric 
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infants [61]. As such, enteral feeding via naso-
gastric tube feeding or gastrostomy tube is often 
essential, with slightly improved preservation of 
growth noted in infants on PD fed via gastros-
tomy tube, as noted above [52]. Finally, rhGH 
usage has been associated with improved height 
velocity in the PD population [62].

 Growth in Children Following Renal 
Transplantation

Renal transplantation results in an improved GFR 
and tubular function; however, spontaneous 
catch-up growth oftentimes is suboptimal to 
compensate for the height deficit acquired pre- 
transplant. The main factors which contribute to 
longitudinal growth retardation following renal 
transplantation include corticosteroid treatment, 
chronological age at time of transplant, pre- 
transplant growth deficit, and level of GFR [63, 
64]. As noted previously, corticosteroids affect 
growth hormone pulsatility, which is particularly 
important during the peripubertal years. 
Corticosteroid therapy also decreases growth 
hormone receptor and IGF-I expression and 
increases plasma levels of IGF-inhibiting 
IGFBPs, thereby limiting the bioavailability of 
IGF [65, 66]. Glucocorticoid treatment addition-
ally has a direct effect on growth plate function 
by suppressing chondrocyte proliferation, reduc-
ing bone formation, and altering endochondral 
ossification [67, 68]. Strategies to decrease or 
eliminate corticosteroid exposure with low-dose 
and alternate-day regimens or complete steroid 
avoidance have been associated with improve-
ment in growth parameters post-renal transplant 
[69–72].

Not unexpectedly, given the relationship 
between renal insufficiency and growth, an esti-
mated GFR (eGFR) 30 days after transplant has 
been shown to be predictive of the impact of 
transplantation on long-term height Z score, with 
those recipients with an eGFR <60  mL/
min/1.73  m2 experiencing a reduced height Z 
score [73].

Factors that may result in better catch-up/
accelerated growth in the posttransplant period 
include living-donor transplant (independent of 
GFR) and preemptive transplantation [64, 74, 75]. 

While the etiology of the improved growth noted 
following living-related donor renal transplanta-
tion as compared to deceased donor transplanta-
tion is not entirely clear, it has been speculated 
that patterns of cytokines and other mediator mol-
ecules may change in the period of death and in 
association with prolonged cold ischemia time for 
deceased donor kidneys [74]. Preemptive renal 
transplantation may improve final height by 
avoiding the decreased growth velocity that has 
been associated with a prolonged period of time 
on dialysis.

 Growth Hormone Treatment 
in Children with CKD

As noted previously, disturbances of the growth 
hormone-IGF-I axis which leads to insufficient 
levels of bioactive IGF-I and a state of growth 
hormone insensitivity have been well described 
in children with CKD. The rationale for the use 
of pharmacologic doses of rhGH in the setting of 
CKD is, in turn, to tilt the balance toward a 
greater availability of bioactive IGF-I [6]. At 
present, recommendations within both the 
KDOQI nutrition guidelines and the KDIGO 
bone guidelines are that rhGH treatment should 
be considered for children with CKD stages 2–5 
and those on dialysis with short stature (height 
SDS ≤ 1.88 or height for age ≤ third percentile) 
and with potential for linear growth [19, 76]. A 
three-month observation period is proposed prior 
to starting rhGH treatment to correct nutritional 
and metabolic abnormalities and to monitor the 
impact of these interventions [19, 76]. Close 
monitoring of the nutritional status of children 
with CKD is always mandatory, and correction of 
metabolic acidosis to a serum bicarbonate level 
of at least 22  mEq/L is important to promote 
growth and enhance protein energy metabolism 
[77, 78].

The initial short-term studies that were con-
ducted to address the use of rhGH treatment in 
children with CKD clearly demonstrated a posi-
tive effect of rhGH on height velocity and height 
SDS [79, 80]. Longer follow-up studies of chil-
dren with CKD who received five years of rhGH 
treatment have demonstrated continued improved 
growth, and the treatment has permitted a sub-
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stantial percentage of children to reach a normal 
final adult height [59].

The recommended dose of rhGH for children 
with CKD is 0.35 mg/kg/week (or 28–33 IU/m2/
week) divided into daily subcutaneous injections 
[6, 81]. The identical starting dose is recom-
mended for patients with CKD and receiving con-
servative management, dialysis patients, and 
transplant recipients. The dose should be reevalu-
ated and potentially modified every 3–4 months 
to account for changes in patient weight that may 
have occurred in the interim. Whereas the first 
rhGH product that was approved by the FDA for 
the treatment of short stature in children with 
CKD was Nutropin® in the early 1990s, over 
time, other brands of rhGH therapy became avail-
able with comparable efficacy and safety. In turn, 
these products have been used by pediatric endo-
crinologists/nephrologists for the treatment of 
short stature in CKD, with the specific product 
used often based on insurance preferences [82, 
83]. Trials using long-acting and PEGylated 
rhGH which can ease the burden of daily injec-
tions for children are currently underway [84, 85].

The anticipated growth response to rhGH 
treatment in children with CKD is influenced by a 
variety of factors; some of the factors are poten-
tially modifiable such as nutrition, bone metabo-
lism, medication adherence, and the length of 
treatment with rhGH, whereas others are non- 
modifiable such as age, pubertal growth, level of 
kidney function, and genetic factors [86]. To max-
imize the efficiency of rhGH treatment, the 
healthcare provider should take into consideration 
the interplay of the above factors so as to optimize 
growth management on an individualized basis.

For example, the total length of treatment with 
rhGH is a determinant of the overall growth 
response, and it should be anticipated that growth 
velocity will be highest during the first year of 
treatment compared to subsequent years. Fine 
reported a deceleration in height velocity of a 
CKD cohort from 4.2 cm/year in the first year of 
rhGH treatment to 2.3 cm in the second year of 
therapy [87].

Haffner et  al. demonstrated a relationship 
between the efficacy of rhGH therapy and the 
degree of renal impairment when he revealed first 
and second year growth responses of 9.3 and 
7.1  cm/year, respectively, in 74 CKD patients 

versus 7.2 and 5.4  cm/year, respectively, in 29 
children on dialysis [88]. Similar findings have 
been published by Nissel et  al. based on data 
from the Pfizer International Growth Database 
(KIGS) which revealed a higher cumulative 
increase in mean height SDS and near-final 
height SDS in patients on conservative manage-
ment (+1.5 and −1.7) compared to patients on 
dialysis (1.1 and −3.0) and after kidney trans-
plantation (+1.1 and −2.4) (each P  <  0.05), 
respectively [62]. The NAPRTCS has also 
reported a positive impact of rhGH therapy on the 
growth of the transplant population [89].

The preference for the early initiation of ther-
apy in terms of patient age is based on the finding 
that younger children with short stature and CKD 
on rhGH therapy experience the highest annual 
growth rates [62]. Franke et al. reported an accel-
erated change in height SDS from −2.4 at 
four years of age to −1.55 at eight years of age 
among 384 children on renal replacement ther-
apy who were treated with rhGH [90]. It is worth 
mentioning that children ≤5  years of age com-
prised 42% of the total cohort.

In contrast and as part of a review of the KIGS 
registry, Nissel et  al. reviewed the effect of 
puberty on attaining near-final height in 240 chil-
dren on rhGH treatment [62]. In this large cohort, 
38% of the cohort were prepubertal, 47% were 
early Tanner II/III, and 15% were Tanner 
IV/V. The authors reported that near-final height 
SDS was positively associated with the duration 
of rhGH therapy and negatively associated with 
delayed puberty. Furthermore, the increment in 
height SDS during the first year of rhGH treat-
ment was higher in prepubertal patients with nor-
mal onset of puberty and late pubertal patients 
(each +0.5), compared with prepubertal patients 
with delayed onset of puberty (+0.2) and early 
pubertal patients.

Predictive models for an individual’s response 
to rhGH therapy have been proposed with the hope 
of optimizing the growth potential for every 
patient. Mehls et  al. published a mathematical 
equation to predict the individual growth response 
to rhGH therapy taking into account age, etiology 
of renal failure, rhGH dose, and GFR. Interestingly, 
the derived equation explained only 37% of the 
overall variability of the growth response during 
the first and second years of rhGH therapy [91].
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Mahan et  al. [92] derived growth prediction 
curves based on the height velocity responses 
documented during the first year of rhGH treat-
ment in 270 prepubertal children with CKD 
enrolled in the Genentech National Cooperative 
Growth Study. As the height velocity at any age 
in patients who were treated with rhGH therapy 
was higher than the pretreatment height velocity 
(Fig. 21.2), the authors proposed to use a height 
velocity below −1 SD for age as an indicator of 
inadequate response to rhGH therapy. This find-
ing would signal the treating provider of the need 
to evaluate for other factors that may lower the 
response to rhGH treatment, such as metabolic 
abnormalities or medication nonadherence [92].

The use of an IGF-I generation test to measure 
the amount of IGF generated after seven doses of 
rhGH to predict the height velocity over the next 
12 months has been promoted by some, but failed 
to show a correlation with growth velocity in 16 
children with CKD [93].

 Complications of Growth Hormone 
Therapy

Reports on the adverse effects of rhGH treatment 
in children with CKD are scant and reflect the 
excellent safety profile associated with its use in 

the CKD population. A meta-analysis by the 
Cochrane group addressed the reported adverse 
effects associated with rhGH treatment in 16 
publications (809 children enrolled) [81]. 
Adverse effects reported to be related to rhGH 
use were described in 13 studies (677 children). 
Reported side effects included asthma/wheezing, 
elevated fasting glucose, papilledema, granuloma 
formation, lymph node swelling, claudication, 
hypertension, and worsening of preexisting idio-
pathic scoliosis. More targeted adverse events 
associated with rhGH usage were reported by 
Fine et al. from the NAPRTCS registry in a study 
which assessed the incidence of slipped capital 
femoral epiphysis, avascular necrosis, intracra-
nial hypertension, and malignancies [94]. No sta-
tistically significant differences in the incidence 
of any of these complications were noted among 
those treated with rhGH and a control group over 
a 6.5-year interval.

A later study based on data in the NAPRTCS 
registry confirmed the safety of rhGH in renal 
transplant recipients with respect to the issue of 
malignancy. The study evaluated the five-year 
follow- up of 513 rhGH-treated kidney transplant 
recipients compared to 2263 controls and revealed 
that the percentages of patients who developed a 
malignancy in the two groups were similar at 
approximately 1.9% [89]. However, a more 
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recent analysis of the NAPRTCS registry showed 
a slight increase in the rate of posttransplant lym-
phoproliferative disease (PTLD) in those chil-
dren with CKD who received rhGH and went on 
to receive a kidney transplant (18/407 or 4.4%) 
compared to those who never used rhGH (23/1240 
or 1.9%) (P = 0.009) [95]. Continued monitoring 
of this issue is clearly of utmost importance.

 Effect of rhGH Therapy 
on the Progression of CKD

Growth hormone therapy increases renal plasma 
flow and GFR and reduces renal vascular resis-
tance through the action of IGF-I [96, 97]. In 
turn, a sustained increase in renal plasma flow 
may have a deleterious effect on kidney function 
as a result of hyperfiltration injury and subse-
quent nephron loss. Thankfully, this effect has 
not been demonstrated in children with short stat-
ure and CKD receiving long-term rhGH therapy. 
A five-year follow-up study compared changes in 
GFR in two cohorts of children with CKD stages 
2–4: one from the European KIGS registry of 
patients who received rhGH therapy and one 
from the ESCAPE study of subjects who did not 
receive rhGH therapy. No statistically significant 
differences in the rate of GFR decline for the two 
cohorts were demonstrated [98].

 Utilization of rhGH for Patients 
with CKD

Data pertaining to the safety and efficacy of 
rhGH therapy support its use in children with 
CKD and on renal replacement therapy (includ-
ing dialysis patients and transplant recipients) 
who experience severe short stature/poor height 
velocity after addressing any nutritional or meta-
bolic abnormalities that could compromise 
growth [19, 76, 81]. Despite this, the percentage 
of children with short stature and CKD who meet 
the criteria for rhGH treatment in the United 
States but fail to receive the treatment remains 
substantial at 70–75% [1, 2, 8]. Low utilization of 
rhGH in children with severe short stature has 
also been reported in Europe by the ESPN/ERA- 

EDTA registry based on data from 20 countries. 
Severe short stature was reported in 42.6% of 
1612 children followed between 1990 and 2011, 
yet only 20% of the population reported the use 
of rhGH [28]. Whereas the low utilization may be 
partially related to the strict rhGH approval pro-
cess that exists in Europe, the fact that utilization 
is also low in those European countries in which 
rhGH is reimbursed suggests that the attitudes of 
physicians and patients regarding the therapy are 
influential as well [99].

In a study designed to help explain the low uti-
lization of rhGH based on medical record review, 
Greenbaum et al. found that of 110/307 children 
with CKD who fell below the fifth percentile for 
height, only 49% of them had been prescribed 
rhGH.  The most common reasons reported for 
the somewhat low utilization of rhGH were fam-
ily refusal, secondary hyperparathyroidism and 
poor control of renal osteodystrophy, and a his-
tory of noncompliance. Delays of drug availabil-
ity related to insurance company approval were 
another contributing factor [100]. Interestingly, 
in a substantial percentage of cases, no apparent 
reason for the lack of rhGH utilization was 
included in the medical record.

Other proposed causes for poor rhGH utiliza-
tion include challenges associated with the need 
for daily injections and presumed rapid referral 
for kidney transplantation and the opportunity for 
catch-up/or better growth, particularly when 
using steroid-avoidance protocols [71].

Finally, despite its efficacy in the transplant 
population, the use of rhGH in children with 
short stature in this patient cohort may also be 
low because of concern related to the risk of graft 
rejection. A meta-analysis by Wu et al. reported 
that a higher percentage (35/205) of transplant 
recipients who were receiving rhGH experienced 
a rejection episode compared to those who were 
not receiving rhGH therapy (19/185) with a risk 
ratio of 1.56 (95%, CI 0.97–2.53) [101]. However, 
it appears that the higher rejection rate in trans-
plant recipients who receive rhGH is limited to 
those with a history of two or more prior rejec-
tion episodes [7, 81, 102]. Therefore, with vigi-
lant follow-up, the majority of children with short 
stature post-kidney transplant can safely be 
treated with rhGH.
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 Evolution of Short Stature 
in Children with CKD

As noted above, although final adult height 
remains suboptimal for children with CKD/
ESRD, improvement in the height SDS of these 
children has been observed over the past two 
decades, likely as a result of the provision of opti-
mal nutrition, improved metabolic bone manage-
ment, correction of acid-base abnormalities, and 
the use of rhGH.

Improvement in the growth of the CKD popu-
lation might be best reflected by the significant 
improvement in the height SDS score of children 
at the time of kidney transplantation. The 
NAPRTCS has revealed an improvement in the 
height SDS from −2.4 in 1987 to −1.7 in 2013 
(Fig. 21.3) [103]. The same is reflected by data 
from the European Society for Pediatric 
Nephrology/European Renal Association and 
European Dialysis and Transplant Association 
registry on more than 1600 patients who received 
renal replacement therapy [28]. The percentage 
of patients who reached a final adult height within 

the normal range increased from 50% for those 
who reached adulthood between 1990 and 1995 
to 63% who reached adulthood from 2006 to 
2011. Most importantly, however, the height SDS 
did not change significantly between onset of 
renal replacement therapy and final adult height, 
all of which suggests that the height gains experi-
enced were likely due to improved pre-ESRD 
care.

Improvement in the final adult height SDS of 
children on renal replacement therapy has also 
been documented over time. The mean height 
SDS was observed to improve from −3.03 to 
−1.80 (p < 0.001) when comparing growth data 
of 732 patients collected by the European Dialysis 
and Transplant Association registry (blue bars) in 
1985–1988, with data from 384 patients collected 
in a German registry (red bars) from 1998 to 
2009 (Fig.  21.4) [90]. Eighty-eight percent and 
78%, respectively, of the two cohorts were com-
prised of transplant recipients. In a study by Fine 
et al. in which the outcome of over 10,000 trans-
plant recipients in the NAPRTCS registry was 
reviewed, marked improvement in the final adult 
height SDS was noted in all age groups, most 
notably in children above 12  years of age in 
whom the mean height SDS improved from 
−1.75 to −0.92 from 1991 to 2002 [73].

 Summary

Short stature is common among children with 
CKD and those requiring renal replacement ther-
apy and is associated with an increase in the rates 
of hospitalization and mortality and a lower 
HRQoL. Correction of the metabolic abnormali-
ties associated with CKD such as metabolic aci-
dosis, bone disease, and salt depletion, along 
with the provision of adequate nutrition particu-
larly in the first 2 years of life, usually improves 
growth in children. If not, the use of rhGH for 
treatment of short stature in CKD is safe and effi-
cacious, and its early use should be encouraged 
with a goal of achieving a normal final adult 
height. The underutilization of rhGH mandates 
continued attention to those factors that currently 
preclude its use in children with CKD and poor 
growth.
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Other Pituitary Disorders 
and Kidney Disease

Wenyu Huang and Mark E. Molitch

 Prolactin and Kidney Disease

Prolactin (PRL) is synthesized and secreted from 
the lactotrophs in the anterior pituitary [1]. 
Hypothalamic dopamine exerts tonic inhibition 
on PRL secretion [2], while several hypotha-
lamic factors, including vasoactive intestinal 
polypeptide (VIP) and thyrotropin-releasing 
hormone (TRH), stimulate PRL secretion [3, 4]. 
In addition, the lactotrophs are also directly 
stimulated by estrogen [5–7], which explains the 
elevated PRL levels during pregnancy [8]. 
Following delivery, PRL increases with each 
suckling episode, stimulating milk production. 
In addition, circulating levels of PRL display a 
strong circadian rhythm, in which PRL levels 
peak during the first half of the sleep period fol-
lowed by a gradual decrease to lower levels dur-
ing daytime [9].

In patients with chronic kidney disease (CKD), 
there is an increase in PRL levels. The prevalence 
of hyperprolactinemia ranges from 18.3% in mild 
renal insufficiency [10, 11] to more than 70% in 

patients on hemodialysis (HD) and peritoneal dial-
ysis (PD) [12, 13]. In patients with CKD who are 
also taking medications known to interfere with 
dopamine, PRL levels up to 2000 μg/L have been 
reported, which is a level usually associated with 
PRL-producing pituitary macroadenomas [10].

 Pathophysiology

Multiple mechanisms exist to explain the eleva-
tion of PRL in CKD.  One main mechanism is 
decreased renal clearance of PRL molecules [12]. 
In one study, the metabolic clearance rate of PRL 
was reported to be decreased by about 33% in 
patients with CKD [12]. Additionally, the secre-
tion of PRL is also enhanced in CKD. Compared 
to that in normal subjects, the PRL secretion rate 
increases by about three- to fourfold in patients 
with CKD [12]. The mechanism underlying the 
increase in PRL release in CKD is believed to be 
resistance of PRL secretion to dopaminergic sup-
pression [14]. Interestingly, resistance of PRL 
secretion to regulatory signals also exists for 
TRH, VIP, and chlorpromazine [14, 15], but not 
for metoclopramide [16], suggesting that several 
hypothalamic mechanisms regulating PRL secre-
tion are differentially affected in CKD. PRL mol-
ecules are not removed by HD or PD [17].  
Not surprisingly, after kidney transplant, 
 hyperprolactinemia usually corrects or signifi-
cantly improves, even within days [18].
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 Diagnosis of Hyperprolactinemia

PRL is commonly measured by two-site immu-
nometric assays. It should be emphasized that 
breast and nipple manipulations can transiently 
increase PRL secretion, so PRL levels should not 
be checked shortly after a breast exam. Three dis-
tinct molecular forms of PRL have been identi-
fied, with corresponding molecular weights of 23 
(monomeric), 50–60 (big PRL), and >100 kDA 
(big big PRL or macroprolactin). The high 
molecular forms are thought to result from dimer-
ization or binding of PRL to IgG. Polyethylene 
glycol is commonly used to precipitate macrop-
rolactin molecules before measuring PRL mono-
mers in the supernatant to calculate the percentage 
of PRL recovery and has been shown to correlate 
well with the gold standard for measuring mono-
meric PRL, i.e., gel filtration chromatography 
[19]. A PRL recovery ≤40% is suggested as the 
cutoff for diagnosis of macroprolactinemia, while 
a recovery >50% makes the diagnosis of macrop-
rolactinemia unlikely [19].

In normal individuals, the monomeric form of 
PRL accounts for 85–95% of PRL in circulation 
[20]. In CKD, an increase in PRL immunoreactiv-
ity exceeds that of PRL bioactivity [21]. While 
some studies found monomeric PRL to be the pre-
dominant form of PRL contributing to the hyper-
prolactinemia in patients with CKD [22] and on 
HD and PD [23], a recent study demonstrated that 
macroprolactin levels are positively correlated 
with a decline in renal function, suggesting that 
macroprolactin may also contribute to the hyperp-
rolactinemia observed in CKD patients [24].

During evaluation for hyperprolactinemia, it is 
important to carefully check the medications that a 
patient is taking, as some medications have been 
shown to increase PRL levels [25] and that stop-
ping of PRL-raising medications can significantly 
lower PRL levels, even in patients with CKD [10]. 
Normally, an MRI is not needed in the assessment 
of hyperprolactinemia in patients with 
CKD. However, if there is a concern that hyperp-
rolactinemia may be caused by sellar or suprasel-
lar lesion in patients with CKD, for example, 
patients presenting with headache, vision change, 
or defective visual field suggesting compression of 
optic chiasm, a pituitary MRI can be performed. 
However, given the potential severe complications 

associated with intravenous MRI contrast use in 
patients with CKD, the MRI should be performed 
either without contrast in patients with CKD but 
not on dialysis or, if medically necessary, with 
contrast in patients on HD who then require addi-
tional dialysis sessions to clear the contrast.

 Clinical Manifestation 
of Hyperprolactinemia

Clinically, hyperprolactinemia can cause galac-
torrhea and hypogonadism (manifested as amen-
orrhea or oligomenorrhea, low libido, erectile 
dysfunction, gynecomastia, infertility, etc.). 
Galactorrhea is usually bilateral, multi-ductal, 
and milky. The color can range from clear to yel-
low, green, or brown [25, 26]. On the other hand, 
nipple discharge that is from a single duct, bloody 
or serosanguinous, or associated with palpable or 
radiologically evident breast mass, will need fur-
ther evaluation for breast tumors [27]. A Sudan 
IV staining for fat droplets in the nipple discharge 
can confirm the diagnosis of milk [25]. While 
hyperprolactinemia generally causes hypogonad-
otropic hypogonadism, hypergonadotropic hypo-
gonadism is also commonly seen in patients with 
CKD [28], suggesting different mechanisms 
leading to hypogonadism in CKD.  Recently, it 
has been suggested that PRL levels are directly 
associated with endothelial dysfunction and with 
increased risk of cardiovascular events and mor-
tality in CKD patients [29]. However, the direct 
relationship of hyperprolactinemia and increased 
cardiovascular risk is not firmly established, and 
there are no studies showing cardiovascular ben-
efit from lowering PRL levels in such patients.

 Treatment of Hyperprolactinemia

Indications for the treatment of hyperprolac-
tinemia in patients with CKD include bother-
some galactorrhea and hypogonadism. As most 
hyperprolactinemia in CKD is related to 
decreased kidney function, dopamine agonists 
can be considered for lowering PRL levels in 
these patients. It should be noted that there are 
very limited data available on the efficacy and 
safety of dopamine agonists in patients with 
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CKD or on dialysis [30, 31]. Moreover, PRL 
secretion is resistant to dopaminergic suppres-
sion in CKD, so higher doses of dopamine ago-
nists may be needed [14, 32].

Additionally, for patients with hyperprolac-
tinemia possibly caused or exacerbated by medi-
cations, the offending medication(s) ideally 
should be considered for discontinuation. If the 
underlying condition warrants continuation of 
such medications, switching to another medica-
tion in the same class that has lower or no poten-
tial to cause hyperprolactinemia would be the 
most appropriate management. It is very impor-
tant to work closely with the prescriber to address 
the adjustment of such medication [33, 34]. 
Below is a list of medications that commonly 
cause hyperprolactinemia (Table 22.1).

If the major concern is decreased reproductive 
hormone production, they can then be replaced 
judiciously. Estrogen replacement using oral 
contraceptives will not restore ovulation, and 
referral to a reproductive endocrinologist will 
usually be necessary if fertility is desired. 
Likewise, in male patients, replacement of testos-
terone will not usually help with spermatogene-
sis. The use of injectable follicle-stimulating 
hormone (FSH) and luteinizing hormone (LH) to 
stimulate spermatogenesis in patients with CKD 
has not been studied.

For patients who do not meet indications and 
who choose no intervention, it is reasonable to 
reassure the patient and monitor [35, 36].

 Hypothalamic-Pituitary-Adrenal 
Axis and Kidney Disease

In CKD, many aspects of the physiology of the 
hypothalamic-pituitary-adrenal (HPA) axis are 
altered. Accordingly, diagnosis and treatment of 

disorders involving the HPA axis are affected by 
CKD.

 Pathophysiology

 Circulating Levels 
of Adrenocorticotropic Hormone 
(ACTH) and Cortisol
In patients with CKD, ACTH levels are usually 
found to be elevated [37–39], but there are con-
flicting data regarding the level of cortisol. While 
a number of studies have shown that morning and 
afternoon levels of plasma cortisol are similar in 
patients with CKD as compared to normal sub-
jects [37, 38, 40], other studies have demon-
strated that the mean morning plasma total and 
free cortisol levels and the mean 24-h plasma 
total cortisol levels were elevated in patients with 
CKD on chronic HD [39, 41, 42].

 Circadian Rhythms of ACTH 
and Cortisol
In healthy individuals with normal sleep patterns, 
there is a strong circadian rhythm of ACTH and 
cortisol secretion. After reaching their nadir 
around midnight, ACTH and cortisol levels start 
to rise and reach their peaks in the morning after 
waking up, which is then followed by a decline 
throughout the day before reaching their nadir 
again at midnight.

Although circadian rhythms of plasma and 
salivary cortisol are largely preserved in patients 
with CKD [41, 43], patients with advanced CKD 
on chronic dialysis, compared to normal subjects, 
have higher trough levels of plasma and salivary 
cortisol at midnight [43], likely explained by 
higher levels of ACTH at that time point [44, 45].

 Altered Metabolism of Endogenous 
Cortisol
Cortisol has a strong affinity to and is able to acti-
vate mineralocorticoid receptors. Normally, cor-
tisol is converted to biologically inactive cortisone 
by 11-beta-hydroxysteroid dehydrogenase 2 
(11-beta-HSD2) at mineralocorticoid target tis-
sues, including the kidney, pancreas, and colon 
[46]. As a result, circulating cortisol does not nor-
mally activate mineralocorticoid receptors. In 
patients with CKD, it has been reported that there 

Table 22.1 Medications or substances that cause 
hyperprolactinemia

Antipsychotics
Gastrointestinal motility medications: e.g., 
metoclopramide (Reglan®)
Antidepressants: rare
Antihypertensive medications: verapamil, methyldopa, 
reserpine
Antinausea agents: chlorpromazine
Others: opioids, cocaine
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is ineffective deactivation of cortisol by 11-beta- 
HSD2 [47, 48], which may lead to exaggerated 
activation of the mineralocorticoid receptors and 
eventually hypertension [49].

 Altered Metabolism of Exogenous 
Glucocorticoids
In addition to changes in metabolism of endoge-
nous glucocorticoids in patients with CKD, there 
is prolongation of the half-life with reduced met-
abolic clearance rate of hydrocortisone and pred-
nisolone, but a shortened half-life and increased 
metabolic clearance rate of dexamethasone, 
highlighting the distinct metabolism of exoge-
nous steroids in CKD [50]. Moreover, it has also 
been demonstrated that orally administered dexa-
methasone has a lower absorption rate in patients 
with CKD as compared to normal subjects [40], 
which may explain why oral dexamethasone fails 
to suppress endogenous cortisol in some patients 
(see the following section under “Cushing’s dis-
ease” for more discussion). Furthermore, there 
are also altered responses of cortisol to exoge-
nous stimulators or suppressors, which are dis-
cussed below.

 Adrenal Insufficiency in CKD

 Diagnosis of Adrenal Insufficiency 
in CKD

 Cosyntropin Stimulation Test
Patients with secondary or tertiary adrenal insuf-
ficiency, i.e., deficiency of cortisol due to inade-
quate ACTH or corticotropin-releasing hormone 
(CRH), respectively, are commonly diagnosed 
with cosyntropin (1 μg or 250 μg – the latter is 
the standard dose) stimulation tests. In the cosyn-
tropin stimulation test, adrenally insufficient 
patients fail to mount an increase in cortisol lev-
els to 18 μg/dL (some authors prefer 20 μg/mL) 
at 30 or 60 minutes after cosyntropin administra-
tion. It should be remembered in testing that an 
ACTH level should always be drawn with the 
baseline cortisol before administering the 
cosyntropin.

In one study, patients with CKD on HD or 
continuous ambulatory PD (CAPD) mount 
increases in cortisol levels after 1 μg, 5 μg, and 

250 μg cosyntropin stimulation similar to those 
seen in healthy subjects [38]. In the same study, 
baseline cortisol levels were similar between 
the controls and dialysis patients, whereas 
baseline ACTH levels were higher in the 
patients on dialysis [38], consistent with other 
studies [37, 39, 40].

 Metyrapone Stimulation Test
Metyrapone inhibits 11-beta-hydroxylase, a key 
enzyme in adrenal steroidogenesis, and results in 
suppression of cortisol production, which in turn 
stimulates secretion of ACTH and immediate 
precursors of cortisol, i.e., 11-deoxycortisol [51]. 
Therefore, the metyrapone stimulation test is able 
to assess the response of the whole HPA axis. 
However, it is less commonly used due to the lim-
ited availability of metyrapone and the possibility 
of inducing adrenal crisis in patients with adrenal 
insufficiency. In CKD patients, there appears to 
be a preserved response to metyrapone (30 mg/
kg), as manifested by similar decreases in corti-
sol and increases in ACTH and 11-deoxycortisol 
after overnight oral metyrapone as in control sub-
jects [40].

 Insulin Tolerance Test (ITT)
Like the metyrapone stimulation test, the ITT 
also tests the integrity of the whole HPA axis. In 
the ITT, transient hypoglycemia induced by an 
exogenous intravenous insulin bolus (0.1 U/kg) 
leads to activation of the HPA axis and an increase 
in ACTH and cortisol levels. Although consid-
ered the gold standard for the diagnosis of adre-
nal insufficiency, the ITT is also not commonly 
recommended due to its inconvenience, com-
plexity, and safety concerns [52]. Similarly to 
what was observed in the metyrapone stimulation 
test, patients on CAPD or chronic HD have nor-
mal cortisol responses in the ITT [40, 53], sug-
gestive of the validity of both tests in diagnosing 
adrenal insufficiency.

 The CRH Stimulation Test
The CRH stimulation test has been used to dif-
ferentiate secondary and tertiary adrenal insuffi-
ciency, in which exogenous CRH generates 
higher ACTH levels in patients with tertiary, but 
not secondary, adrenal insufficiency [54]. In 
CKD patients on chronic dialysis, after correc-
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tion of anemia by erythropoietin, the cortisol 
response to exogenous CRH was prolonged [55]. 
Furthermore, compared to ESRD patients not on 
dialysis and those on HD, patients on CAPD 
demonstrated a more normal response to CRH 
stimulation [56].

 Etiology of Adrenal Insufficiency 
in CKD

It is likely that the most common cause of adrenal 
insufficiency in patients with CKD is prior treat-
ment with exogenous steroids, as it is for those 
without CKD. It should be remembered that the 
HPA axis can be suppressed for more than 1 year 
with such steroid use and 10–15% of patients 
never recover their axis [57]. Autoimmune dis-
ease is the most common cause otherwise in the 
USA, but infections with tuberculosis and fungal 
diseases are relatively common causes in those 
coming from other countries. Anticoagulation 
with hemorrhage into both adrenal glands is 
another frequently overlooked cause.

 Clinical Manifestation of Adrenal 
Insufficiency in CKD

Symptoms of adrenal insufficiency in CKD 
patients are similar to those in patients without 
CKD.  The common presentations are fatigue, 
gastrointestinal symptoms including nausea, 
diarrhea and abdominal pain, hypotension, hypo-
natremia, etc. However, in patients with advanced 
CKD, such symptoms are relatively nonspecific. 
Additionally, patients with adrenal insufficiency 
can manifest as hypercalcemia in patients on 
dialysis [58, 59]. Indeed, the prevalence of hyper-
calcemia in CKD is around 1.3% [58].

 Treatment of Adrenal Insufficiency 
in CKD

The mainstay of the treatment of secondary or 
tertiary adrenal insufficiency in CKD patients is 
similar to that in patients with normal renal func-
tion, i.e., replacement of glucocorticoids. The cli-
nician should consider the altered metabolism of 

exogenous glucocorticoids, especially those 
commonly used in adrenal insufficiency includ-
ing hydrocortisone, prednisone, etc. Usual hydro-
cortisone replacement doses are in the 15–25 mg/
day range, given in divided doses. Adjustment of 
glucocorticoid doses should be mainly based on 
symptoms of the patients. Similar sick-day rules 
and use of stress dose glucocorticoids during 
extreme stress, e.g., surgery, should also apply; 
thus, 50–75  mg is usually given parenterally 
every 8 h [52, 60].

 Cushing’s Disease in CKD

 Diagnosis of Cushing’s Syndrome 
in CKD

Cushing’s syndrome may be caused by exoge-
nous steroids (the most common cause), exces-
sive ACTH production by a pituitary tumor 
(Cushing’s disease) or an ectopic tumor, or 
autonomous production of steroids by an adrenal 
adenoma/carcinoma with suppression of ACTH 
levels. The diagnosis of Cushing’s syndrome 
relies on demonstrating cortisol levels that cannot 
be suppressed fully with dexamethasone and 
findings of elevated 24-h urine-free cortisol 
(UFC) levels and midnight salivary cortisol lev-
els [61].

While higher cortisol levels were associated 
with higher mortality in patients on chronic HD 
[62], the diagnosis of Cushing’s syndrome also 
appears to be altered in patients with CKD, as 
detailed below.

 Dexamethasone Suppression Test
While most studies show that 1 mg of dexameth-
asone overnight does not adequately suppress the 
cortisol secretion in patients with CKD [41, 63, 
64], one study showed normal suppression of 
cortisol by 1 mg oral dexamethasone in patients 
with various degrees of CKD including ESRD on 
HD [37]. Interestingly, despite seemingly inade-
quate suppression by the 1  mg dexamethasone 
overnight test in most studies, the regular two-
day low-dose [63] and 3 mg overnight [40] dexa-
methasone tests are able to fully inhibit cortisol 
levels as in normal subjects. Conflicting results 
exist as to the metabolism of 1 mg dexametha-
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sone administered orally. While one study shows 
that the metabolism of dexamethasone is similar 
in both CKD patients and normal subjects [63], 
another study suggested that there is inadequate 
absorption of 1  mg dexamethasone following 
oral administration, which may account for the 
insufficient suppression of cortisol by 1 mg, but 
not 3 mg, of dexamethasone [40]. Additionally, 
there seems to be some resistance of the HPA 
axis to exogenous steroids in CKD since 1 mg of 
IV dexamethasone in CKD patients does not sup-
press cortisol to the level seen in normal subjects 
after the same dose of IV dexamethasone [65]. 
When doing dexamethasone suppression tests, it 
is important to measure dexamethasone levels at 
the same time as cortisol levels to be sure an ade-
quate amount of dexamethasone was taken.

 Midnight Salivary Cortisol Test
An elevated midnight salivary cortisol level has 
an excellent ability to indicate the presence of 
Cushing’s syndrome in subjects without CKD 
[66]. The validity of the midnight salivary corti-
sol test in the diagnosis of Cushing’s syndrome in 
CKD is lacking. However, given the previous 
report that ESRD patients have higher nadir lev-
els of salivary cortisol [43] in a 24-h period, the 
normal levels used in the current diagnostic crite-
ria may result in more false-positive tests; there-
fore, this test will warrant further investigation.

 24-Hour UFC Test
The utility of the 24-h UFC in diagnosing 
Cushing’s syndrome is uncertain as it has been 
reported that patients with Cushing’s disease 
complicated by CKD have either lower [67] or 
undetectable levels of UFC [68].

Because elevated levels of UFC can be found 
in non-Cushing’s patients with CKD and that 
those with Cushing’s and CKD may not have 
elevated levels, the measurement of UFC in this 
setting may be inaccurate and not useful.

 Inferior Petrosal Sinus Sampling (IPSS)
Inferior petrosal sinus sampling (IPSS) is recom-
mended )for confirming the pituitary source of 
ACTH-dependent Cushing’s syndrome, which is 
most commonly due to a pituitary adenoma. 
There are no reports of the use of IPSS in the set-
ting of CKD perhaps due to the known toxicity of 

radiocontrast media in CKD. Based on the under-
standing of Cushing’s disease and the effects of 
CKD on the HPA axis, it is expected that there is 
still a pituitary-to-peripheral gradient of ACTH in 
patients with Cushing’s disease complicated with 
CKD, as revealed by IPSS (Table 22.2).

 Clinical Manifestation of Cushing’s 
Disease in CKD

Patients with Cushing’s disease normally present 
with symptoms of hypercortisolism. Since cortisol 
affects almost every organ system, symptoms and 
signs of hypercortisolism are broad. The symp-
toms, in the order of prevalence, include weight 
gain, menstrual irregularity, hirsutism, psychiatric 
dysfunction, backache, muscle weakness, frac-
tures, and loss of scalp hair. The clinical signs of 
hypercortisolism include truncal or  generalized 
obesity, plethora, moon facies, hypertension, 
bruising, red-purple striae, muscle weakness, 
ankle edema, and skin hyperpigmentation [69].

 Treatment of Cushing’s Syndrome 
in CKD

Due to the absence of strong clinical evidence, 
there are no guidelines for treating Cushing’s syn-
drome in CKD patients. As in patients with normal 
renal function, the principal treatment of Cushing 
syndrome in CKD should be surgical removal of 
the pituitary or adrenal tumor, followed by subse-
quent treatment(s) with radiotherapy and/or 

Table 22.2 Dynamic tests for diagnosis of hypercorti-
solism in chronic kidney disease

1 mg overnight 
dexamethasone suppression 
test

Less suppression of 
cortisol, may cause 
false-positive results

Two-day, low-dose (0.5 mg 
every 6 h) dexamethasone 
suppression test

Similar response as in 
normal renal function

High-dose (3 mg) overnight 
dexamethasone suppression 
test

Similar response as in 
normal renal function

Midnight salivary cortisol 
test

Higher nadir level of 
cortisol, may cause 
false-positive results

24-h urine-free cortisol Not useful
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medications if necessary. Medical treatment of 
Cushing’s syndrome includes pasireotide (a soma-
tostatin analog), cabergoline (a dopamine agonist), 
adrenal enzyme inhibitors such as ketoconazole, 
and mifepristone (a glucocorticoid receptor antag-
onist). These agents can be considered in individ-
ual patients who do not attain control after surgical 
intervention [70, 71].

 Arginine Vasopressin (AVP) 
and Kidney Disease

 Pathophysiology

AVP, also called antidiuretic hormone (ADH), is 
secreted by magnocellular neurons in the supra-
optic (SON) and paraventricular nuclei (PVN) of 
the hypothalamus. The AVP molecule is first syn-
thesized as a pre-pro-vasopressin precursor in the 
cytoplasm of these neurons. The precursor then 
undergoes proteolytic cleavage into AVP, neuro-
physin II, and copeptin (also known as C-terminal 
pro-arginine vasopressin, CT-proAVP) during 
axonal transport from the cytosol to neuronal ter-
minals at the posterior pituitary gland (neurohy-
pophysis), where these molecules are stored in 
secretory vesicles. The peptide content in the 
secretory vesicles accounts for the typical bright 
signal observed on the T1-weighted MR images 
of the posterior pituitary. Upon stimulation by a 
variety of signals, including an increase in serum 
osmolarity, a decrease in intravascular volume, 
stress, nausea, etc., the SON and PVN neurons 
are activated, and their action potentials travel 
down the axons and eventually lead to fusion of 
the granular secretory vesicles with synaptic 
membranes at the axonal terminals and exocyto-
sis of AVP and copeptin in equimolar amounts.

Upon its release into systemic circulation, 
AVP exerts its action at multiple tissues through 
activation of its various receptors, primarily 
vasopressin receptor 1a (V1a), receptor 1b (V1b), 
and receptor 2 (V2R). V1a receptors are mainly 
found in smooth muscles of the arterioles. 
Activation of V1a receptors results in constric-
tion of the arterioles, leading to an increase in the 
systemic circulatory resistance and eventually an 
increase in blood pressure. V1b receptors are 
located in the anterior pituitary and are responsi-

ble for the stimulatory effect of AVP on ACTH 
secretion. Distinct from V1a and V1b receptors, 
V2Rs are mostly present in the principal cells of 
the distal convoluted tubes and the collecting 
ducts of the kidney. Binding of AVP to V2R acti-
vates the cyclic AMP signaling pathway, inser-
tion of aquaporin 2 molecules (water channels) 
into the apical membrane of the principal cells, 
and subsequently absorption of water from the 
glomerular filtrate and urinary concentration. 
V2Rs are also found in extrarenal tissues, includ-
ing the vascular endothelial cells in which activa-
tion of the V2Rs causes release of coagulation 
factor VIII and von Willebrand factor (vWF) and 
tissue plasminogen (t-PA) [72].

In patients on HD, AVP levels are found to be 
elevated owing to a variety of mechanisms, 
including decreased metabolic clearance rate 
[73–75] and impermeability of AVP molecules of 
the dialysis membranes [73, 76]. Since copeptin 
is co-secreted in equimolar amounts with AVP 
and that AVP has a short half-life in circulation, 
copeptin has been proposed as a surrogate marker 
of AVP secretion [77]. Indeed, similar to AVP, 
copeptin levels are also elevated in patients with 
CKD or on chronic HD [77, 78]. However, the 
rise in copeptin in CKD is much faster than that 
of AVP, suggesting differential metabolism of 
each molecule [77]. Interestingly, despite an 
increase in AVP levels, the ability of AVP to con-
centrate urine is diminished in CKD, highlight-
ing an impaired signaling pathway of AVP in 
renal tubules [74, 79] which is at least partially 
due to a downregulation of V2R mRNA expres-
sion [80]. Moreover, there appears to be a defect 
in the response of AVP secretion to its stimula-
tory signals, at least in patients on HD [75]. Even 
though AVP levels do respond to the stimulation 
of very high osmolarity, e.g., hypertonic saline 
infusion during HD [81], AVP levels do not 
increase right after HD sessions which is con-
trary to the expected rise as a result of decreased 
intravascular volume during HD [76]. 
Accordingly, a recent study showed that plasma 
concentrations of copeptin decreased signifi-
cantly after HD sessions if a high-flux membrane, 
but not a low-flux membrane, was used [78]. 
Taken together, these studies suggest that hypo-
tension observed during an HD session is not 
fully compensated with sufficient increase in 
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AVP secretion, which may contribute to persis-
tent hypotension during HD [82–84]. A recent 
study demonstrated that treatment with vasopres-
sin during HD improves cardiovascular stability 
and allows for increased removal of excess extra-
cellular fluid [85].

 Central Diabetes Insipidus (DI) in CKD

Central DI is caused by deficiency or insuffi-
ciency of AVP, which is commonly a result of 
injury to the hypothalamus, pituitary stalk, or 
hypophysis. It is recognized that AVP resistance 
exists in patients with advanced CKD, mani-
fested as hypotonic urine compared to plasma 
despite supramaximal doses of vasopressin [86], 
suggesting that higher doses of vasopressin may 
be needed in treating central DI in CKD. In con-
trast, a few studies have reported that central DI 
can be masked in advanced CKD until kidney 
transplantation. These findings likely result from 
the significant increase in AVP levels in CKD, 
which are subsequently corrected by renal trans-
plantation [87, 88]. Taken together, the above 
contrasting observations highlight the balance 
between increased AVP and coexisting AVP 
resistance in CKD.

 Syndrome of Inappropriate ADH 
Secretion (SIADH) in CKD

SIADH is a common cause of hyponatremia in 
which the action of AVP (ADH) is enhanced, 
which is therefore deemed inappropriate for the 
low serum sodium levels. In about one third of 
hyponatremic patients, AVP levels are found to be 
elevated, while AVP levels are either suppressed or 
even undetectable in the rest of the patients [89]. 
Importantly, in mild and moderate CKD, the abil-
ity of the kidney to dilute and concentrate urine is 
usually well preserved, so normonatremia is com-
monly maintained [90]. Therefore, diagnosis of 
SIADH can still be reliably made in these patients. 
However, in advanced renal failure, there is a 
decline in the ability of the kidney to dilute and 
concentrate the urine, with the diluting ability pre-

served longer than the concentrating ability. 
Eventually the urine osmolarity is fixed around 
300  mOsm/L in end-stage renal disease [90]. 
Therefore, an impairment in free water excretion 
along with an increase in solute excretion can 
result in hyponatremia in advanced CKD [90]. 
Importantly, in contrast to the elevated AVP levels 
commonly found in CKD, patients with advanced 
CKD and hyponatremia tend to have low AVP lev-
els [86], making it difficult to differentiate from 
SIADH.

 AVP and Autosomal Dominant 
Polycystic Kidney Disease (ADPKD)

Recently, the AVP signaling pathway, especially 
activation of the V2Rs, has been implicated in the 
pathogenesis of kidney diseases, especially 
ADPKD [91]. In early stages, ADPKD is associ-
ated with a blunted osmolarity-regulated release 
of AVP and impaired sensitivity of peripheral tis-
sues to AVP [92]. In a cohort of 241 patients with 
ADPKD and preserved renal function, copeptin 
levels are independently associated with disease 
progression, but not plasma osmolality [93]. 
Additionally, urine copeptin concentrations have 
been demonstrated to be a good surrogate marker 
for prediction of renal prognosis in ADPKD [94]. 
A possible pathogenic mechanism proposes that 
abnormal AVP signaling may result in the devel-
opment of ADPKD. In this hypothesis, increased 
sensitivity of tubular cells to AVP leads to disrup-
tion of calcium signaling pathways initiated by 
aberrant signaling of polycystin-1 or polycystin-
 2, which eventually causes formation, develop-
ment, and growth of renal cysts [95]. Therefore, 
it is likely that in ADPKD patients, there are both 
central and nephrogenic defects in osmoregula-
tion and copeptin balance, and copeptin may 
serve as a marker to identify patients who could 
benefit from an intervention targeted at AVP sig-
naling pathway by using the V2R antagonist vap-
tans [91, 96–98]. In a recent large-scale clinical 
trial, tolvaptan, a V2R antagonist, was shown to 
result in less renal volume expansion, slower 
worsening of kidney function, and less kidney 
pain over three years. However, there were higher 
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discontinuation rates in the tolvaptan group due 
to aquaresis (excretion of electrolyte-free water) 
and hepatic adverse events [99].
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 Introduction

Acute kidney injury (AKI) is frequent among 
hospitalized patients, especially in the intensive 
care unit (ICU) setting (incidence rates of 
20–30%), with 2–5% of cases requiring renal 
replacement therapy (RRT) [1]. The average 
mortality risk associated with AKI still remains 
very high, though highly variable (16–49%) 
according to severity of illness, clinical setting, 
and comorbidities [2]. In critically ill patients, 
AKI seldom occurs as an isolated organ failure 
and more often represents a key component of 
the multiple organ failure syndrome. Thus, the 
implications of the syndrome might go beyond 
the already complex role of the organ in fluid, 
electrolyte/acid-base homeostasis, blood pres-
sure control, and waste product excretion. The 
physiologic role of the kidney extends in fact to 
multiple endocrine functions. The occurrence of 
endocrine abnormalities during AKI may be 
expected for several reasons: (a) several hor-
mones are synthesized or activated in the kidney 
(erythropoietin, angiotensins I and II, vitamin D, 
etc.); (b) the organ is very important for metabo-
lism and excretion of hormones; (c) the kidney is 

a target organ for several hormones involved in 
the regulation of its excretory and endocrine 
functions; and (d) AKI is a heterogeneous syn-
drome caused by different etiological factors and 
mechanisms and is characterized by profound 
derangements of the internal milieu, influencing 
the secretion, transport, transformation, degrada-
tion, and action of hormones.

The present chapter is aimed at focusing on 
some of the main renal-endocrine pathways 
involved in AKI, focusing on the most severe 
forms of AKI, and with special regard to the ICU 
setting. To this end, glucose homeostasis derange-
ments and insulin resistance, the hypothalamus- 
pituitary- thyroid axis, calcium-phosphorus 
metabolism and vitamin D, as well as erythropoi-
etin will be reviewed.

 Glucose Homeostasis and Insulin 
Resistance

Glucose homeostasis is severely deranged in 
patients with AKI, and both hyper- and hypogly-
cemia can be commonly observed in this clinical 
setting since both altered insulin metabolism and 
insulin resistance may coexist [3], the latter also 
representing an independent predictor for worse 
outcomes. Loss of kidney metabolic function and 
critical illness-associated hyperglycemia (CIAH) 
may contribute to insulin resistance in AKI, as 
well as uremia in and of itself may play a role by 
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reducing peripheral and hepatic glucose uptake. 
Glycemic control in patients with AKI is made 
more complicated by the provision of calories 
from nutrients under the form of enteral/paren-
teral nutrition and from carbohydrate and 
carbohydrate- like energy substrates administered 
to the patients under the form of citrate, glucose, 
and lactate in the solutions commonly used in the 
dialysis/hemofiltration procedures (dialysate and 
replacement fluids) (Table  23.1). In fact, when 
standard modalities of continuous or prolonged 
intermittent RRT with citrate, glucose, and even-
tually lactate solutions are employed, an esti-
mated 300–1200 Kcal/day may be given to the 
patient, with large differences due to the different 
operational characteristics of the RRT modalities 
themselves [3]. In general, in the critically ill, the 
risk of hypoglycemia increases up to four to eight 
times as compared to conventional insulin treat-
ments when intensive insulin treatment (IIT) pro-
tocols are applied (i.e., aimed at glycemic values 
in the normal range of 80–110  mg/dL [4.44–
6.11  mmol/L]) [4]. Insufficient caloric supply 
may further negatively affect the relationship 
between IIT protocols and incidence of hypogly-
cemia [5, 6]. Among trauma patients on IIT 
aimed at serum glucose values of 70–149 mg/dL 
(3.9–8.3  mmol/L), hypoglycemia (<60  mg/dl 
[<3.3  mmol/L]) was observed in 76% of cases 
with coexisting AKI or end-stage renal disease 
(ESRD), as compared to 35% in patients with 
normal renal function [7]. In parallel, glycemic 
variability was greatly increased [7]. Percentages 
were, respectively, 29% and 0% when only severe 
hypoglycemia episodes (<40  mg/dl 
[<2.2 mmol/L]) were considered [7]. For this rea-
son, in patients with AKI, targeting higher glyce-
mic values could reduce the incidence of 
hypoglycemia.

The key role of the kidney in insulin metabo-
lism and glucose regulation sets the stage for the 
association between reduced kidney function and 
the increased risk for hypoglycemia in AKI [3]. 
In fact, insulin is, for a large extent, metabolized 
by the kidneys (50% of its clearance), and renal 
gluconeogenesis contributes to about 30% to glu-
cose systemic appearance [3, 8].

Higher glycemic values are currently sug-
gested as targets as compared with earlier recom-
mendations (Table 23.2) [9–14]: up to 180 mg/dL 
[10 mmol/L] vs. 110 mg/dL [6.11 mmol/L] in the 
Sepsis Survival Campaign recommendations [9], 
144–180 mg/dL [8–10 mmol/L] in the case of the 
American Diabetes Association guidelines [14], 
and 140–180  mg/dL [7.8–10  mmol/L] in the 
ASPEN guidelines [10]. In the specific case of 
patients with AKI, it seems prudent to aim for 
higher blood glucose concentrations as suggested 
in the 2012 Kidney Disease Improving Global 
Outcomes (KDIGO) guidelines (110–149 mg/dl) 

Table 23.1 Calorie equivalent of carbohydrate metabo-
lism substrates in dialysis/hemofiltration fluids

Substrate Molecular weight Kcal/mmol Kj/mmol
Glucose 198a 0.73 3.06
Citrate 192b 0.59 3.07
Lactate 89 0.33 1.37

aAs glucose monohydrate
bAs citrate anion

Table 23.2 Guideline recommendations on glycemic 
control in critically ill patients in the ICU and in patients 
with AKI [9–14]

Guidelines Patients
Glycemic 
control range

Sepsis Survival 
Campaign
Intensive Care Med 
2013; 39:165–228

Critically ill 
patients with 
sepsis

<180 mg/dl

American Diabetes 
Association
Diabetes Care. 
2010;33(suppl 
1):S11–S61

Critically ill 
patients

144–
180 mg/dl

ASPEN
JPEN 2013;37:23–36

Critically ill 
patients

140–
180 mg/dl

KDIGO
Kidney Int 
2012;29(suppl):1–138

AKI in the 
ICU

110–
149 mg/dl

European Best Practice 
Guidelines
NDT 
2012;27:4263–4272

AKI in the 
ICU

110–
180 mg/dl

KDOQI on KDIGO 
2012
AJKD 
2013;61:649–672

AKI in the 
ICU

110–
149 mg/dl

AKI acute kidney injury, ASPEN American Society of 
Parenteral and Enteral Nutrition, ICU intensive care unit, 
KDIGO Kidney Disease Improving Global Outcomes
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[11] and in the European Renal Best Practice 
(ERBP) comments to the KDIGO guidelines 
(140–180  mg/dl) [12], albeit with limited 
evidence.

 Hypothalamic-Pituitary-Thyroid 
Axis in AKI

The synthesis of thyroid hormones is controlled 
by the hypothalamus, which releases thyrotropin- 
releasing hormone (TRH) and stimulates the thy-
rotropic cells in the pituitary to synthesize and 
secrete thyroid-stimulating hormone (TSH). TSH 
stimulates the thyroid gland to synthesize and 
secrete thyroid hormones, and its synthesis is 
regulated by a negative feedback mechanism 
operated by circulating levels of thyroid hor-
mones. The thyroid gland predominantly secretes 
the inactive thyroid hormone thyroxine (T4), 
which is converted to the active thyroid hormone 
triiodothyronine (T3) in the peripheral target 
organs. Different types of deiodinases (D1–D3) 
are responsible for the peripheral conversion of 
T4 to T3 or to the biologically inactive reverse T3 
(rT3). Thyroid hormones are essential for the 
regulation of energy metabolism and have pro-
found effects on differentiation and growth.

Critical illness is often associated with altera-
tions in thyroid hormone concentrations in 
patients with no previous thyroid disease (euthy-
roid sick syndrome, ESS) (Table  23.3) [15]. In 
the course of acute illness or severe physical 
stress, a rapid decline of circulating T3 levels is 
usually observed, whereas rT3 levels are upregu-
lated. A decrease in D1 activity and an increase in 
D3 activity are responsible for the observed 
changes in thyroid hormone homeostasis [16]. 
Circulating T4 levels may rise only transiently, 
although T4 levels may also decrease during pro-
longed ICU stays in the more severely ill [17]. In 

critically ill patients, changes in the markers of 
thyroid function are very common and are often 
associated with alterations in other endocrine 
axes [18]. Thus, the ESS should not be viewed as 
an isolated abnormal event but as part of a gener-
alized systemic endocrine response to illness. 
The decrease in circulating T3 and T4 during the 
first 24 h after the insult reflects the severity of 
illness and correlates with mortality risk [19]. 
Whether or not these changes reflect a beneficial 
and adaptive response to the severity of illness or 
rather contribute to adverse outcome remains 
currently unclear, and the mechanisms behind the 
observed changes are still not fully understood. 
Inflammatory markers such as cytokines have 
been demonstrated to affect deiodinase activity 
and are able to mimic the acute stress response of 
the thyroid axis [20]. However, cytokine antago-
nists failed to restore normal thyroid function 
after endotoxemic challenge [21]. Other potential 
factors of the ESS include low concentrations of 
thyroid hormone-binding proteins, reduced thy-
roid hormone uptake, and metabolism by ele-
vated levels of free fatty acids and bilirubin [22]. 
Patients who need prolonged intensive care and 
enter a more chronic phase of illness display low 
levels of circulating T3 and T4. Despite low cir-
culating thyroid hormone levels and thus reduced 
negative feedback, pulsatile TSH and hypotha-
lamic TRH expression are low, pointing to a cen-
tral suppression of the thyroid axis in which an 
important role is played by cytokines [23]. 
Patients with prolonged critical illness that pres-
ent with this clinical picture (lower TSH, T4 and 
T3, and higher rT3 levels) have a higher mortality 
rate as compared with those surviving prolonged 
critical illness [24]. In particular, the reduced T4 
level has been shown to relate to the severity of 
illness [25].

Several mechanisms contribute to the inhibi-
tion of deiodinase 1 and therefore to the low 
serum T3 concentrations in critically ill patients 
with ESS: (a) exogenous glucocorticoid therapy; 
(b) circulating inhibitors of deiodinase activity, 
such as free (nonesterified) fatty acids; (c) treat-
ment with drugs that inhibit deiodinase 1 activity, 
such as amiodarone and high doses of proprano-
lol; and (d) cytokines (such as tumor necrosis fac-

Table 23.3 Alterations in thyroid hormones during criti-
cal illness

Critical illness T3 T4 TSH
Acute phase ↓ ↑ Normal
Chronic phase ↓ ↓ No change/↓
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tor, interferon alpha, NF-kB, and interleukin- 6) 
[20, 26]. Peripheral changes in thyroid hormone 
metabolism occur quite early in the process of 
critical illness and are present in all forms of acute 
stress. Furthermore, such changes are very similar 
to the changes evoked by short-term fasting and 
likely partly brought about by the lack of normal 
nutritional intake during acute illness. The imme-
diate fall in circulating T3 during starvation has 
been interpreted as an attempt of the body to 
reduce its energy expenditure and prevent protein 
wasting. Hence, the rapid changes during the 
acute phase of illness could be considered benefi-
cial and an adaptive response that does not war-
rant intervention. During the prolonged phase of 
illness, a hypothalamic suppression also occurs, 
suggesting that patients in this situation could 
benefit from treatment. From the current litera-
ture, however, it remains controversial whether 
administration of thyroid hormone to critically ill 
patients is beneficial or harmful [27].

The interactions between the kidney and thy-
roid hormones (TH) are well known. Thyroid 
hormones contribute to growth and development 
of the kidney and to water and electrolyte homeo-
stasis. Thyroid hormones are known to influence 
renal function by both indirect (prerenal) and 
direct (renal) effects. As a matter of fact, on one 

hand, the effects of thyroid hormones on the car-
diovascular system and the renal blood flow 
(RBF) mediate prerenal effects, while direct 
renal effects are mediated by the action of thyroid 
hormones on glomerular filtration rate, tubular 
secretory and reabsorptive processes, as well as 
the hormonal influences on renal tubular physiol-
ogy [28] (Fig.  23.1).Renal function is signifi-
cantly influenced by thyroid dysfunction. 
Congenital hypothyroidism is associated with 
increased prevalence of congenital renal anoma-
lies [29], this very fact supporting a key role of 
TH in early embryogenesis [29]. Both hypo- and 
hyperthyroidisms affect glomerular filtration 
rate, renal blood flow, tubular function, and elec-
trolyte and water metabolism [29–31]. The kid-
ney not only contributes to the metabolism of TH 
but is also an important target organ for these 
hormones [30, 32].

TH participate in the control of tubular trans-
port of sodium, by their effects on the sodium- 
potassium ATP pump (Na/K ATPase) and 
permeability of the proximal tubule membrane 
to potassium [33]. Both in the adult [34] and the 
pediatric [35] settings, primary hypothyroidism 
is associated with a reversible increase in serum 
creatinine. More than half of adult patients with 
hypothyroidism have reduced glomerular filtra-

Thyroid hormones

Indirect effects mediated by
thyroid hormones on the
cardiovascular system and renal
blood flow

Growth Development Direct metabolic and hemodynamic effects
- Increase sodium tubular reabsorption
- Stimulate renin secretion
- Control sulfate homeostasis
- Increase calcium tubular reabsorption

Fig. 23.1 Direct and indirect effects of thyroid hormones in the kidney
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tion rate (GFR) and renal plasma flow values that 
are normalized following levothyroxine admin-
istration [32]. On the other hand, hyperthyroid-
ism is characterized by an increase in renal 
plasma flow and GFR [36]. Total body water and 
exchangeable potassium are decreased in hyper-
thyroidism, and the amount of exchangeable 
sodium is increased, while serum electrolyte 
concentrations are usually normal. These altera-
tions are typical of endogenous hyperthyroidism 
and exogenous thyrotoxicosis. Renal function 
modifications in hyperthyroidism are at least in 
part due to hemodynamic changes such as 
increased systolic volume, heart rate, and car-
diac output and reduced peripheral vascular 
resistance [37].

In patients with CKD, serum T3 correlates 
with many markers of inflammation, nutrition, 
and endothelial activation [38]. In addition, low 
T3 levels are independent predictors for all-cause 
and cardiovascular disease mortality in euthyroid 
patients with end-stage renal disease, probably 
due, at least in part, to an intimate association 
with inflammation and malnutrition [38]. The 
effect of AKI on thyroid function and TH has not 
been studied in detail. AKI is associated with 
alterations in thyroid function similar to those 
found in other forms of ESS in critically ill 
patients. A recent study of 35 AKI patients found 
a high prevalence of altered thyroid function tests 
(~80%) [39]. The most common derangement 
was the presence of ESS with low T3 only (~65%). 
Other small cross-sectional studies reported low 
T4 and T3 and normal levels of rT3 [40].

Low levels of T3 are explained not only by a 
reduction in the tissue 5′-monodeiodinase activity 
but also by changes in the amount of thyroid hor-
mone that is bound to serum proteins, as found in 
other forms of ESS [40, 41]. No  differences 
between anuric/oliguric and polyuric patients 
have been documented, suggesting that altera-
tions in thyroid function during AKI are nonspe-
cific [39]. Although the administration of TH in 
toxic and ischemic AKI animal models has been 
shown to be effective in promoting recovery [42–
44], recent data have suggested that thyroid hor-
mone therapy was associated with worse outcomes 
in patients with AKI, in particular mortality risk 
as well as need for dialysis or transplant [45].

 Vitamin D and Calcium-Phosphorus 
Metabolism

Dysregulated mineral metabolism, including 
derangements in calcium and phosphate levels, is 
relatively well characterized in CKD, and correc-
tion of hypocalcemia, vitamin D deficiency, and 
hyperphosphatemia in CKD patients now repre-
sent standard of care [46–48]. These alterations 
are all associated with an increased risk of death 
and negative cardiovascular outcomes in patients 
with CKD and end-stage renal disease [49, 50]. 
Interestingly enough, although hypocalcemia and 
hyperphosphatemia are commonly observed in 
patients with AKI, the literature on mineral 
metabolism in this patient population is relatively 
limited.

AKI causes a rapid dysregulation of minerals 
normally handled by the kidneys. Specifically, 
vitamin D levels are reduced [51], and ionized 
calcium levels frequently decrease in patients 
with AKI. Serum albumin is also reduced in criti-
cally ill patients as a consequence of inflamma-
tion, stress, and sepsis, contributing to total 
calcium decrease. Interestingly, while both 25OH 
vitamin D (25(OH)D) and 1,25(OH)2 vitamin D 
(1,25(OH)2D) levels are decreased in patients 
with AKI, only the bioavailable fraction of 
25(OH)D, calculated as the sum of the albumin- 
bound and free fractions, correlated with severity 
of sepsis and risk of death [52]. Ionized serum 
calcium can be further reduced by renal replace-
ment itself, especially when citrate is utilized as 
anticoagulant in citrate-based protocols aimed at 
regional anticoagulation. Citrate in fact chelates 
ionized calcium, which is the main cofactor in the 
coagulation cascade, causing ionized hypocalce-
mia and impaired thrombin generation [53]. In a 
study on 116 patients undergoing a total of 807 
citrate-based sustained low- efficiency dialysis 
(SLED) sessions [54], patients’ ionized calcium 
values were only slightly reduced during SLED, 
1.06 mmol/L ± 0.11 mmol/L (before) versus 0.99 
[±0.09] mmol/L), and systemic intravenous cal-
cium administration was needed only in 28 of 
807 sessions (3.5%) [54]. However, during 
regional citrate anticoagulation for RRT, sys-
temic hypocalcemia, and therefore systemic anti-
coagulation, is prevented both by partial removal 
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of citrate by RRT itself (65–75%) and by metabo-
lism of citrate-calcium complexes in the liver, 
kidney, and muscles to form bicarbonate [53].

Serum phosphate levels are variable in renal 
failure, according to the clinical setting (acute vs. 
chronic) and the coexistence of critical illness. 
Hypophosphatemia is a frequent finding in criti-
cally ill patients with AKI requiring renal replace-
ment therapy (e.g., CRRT) [55, 56]. Low serum 
phosphorus levels are associated with failure to 
wean from the ventilator, increased in-hospital 
mortality, subsequent development of CKD, and 
long-term mortality [57, 58]. The pathophysiol-
ogy of phosphate disturbances in patients with 
AKI is multifactorial and may reflect both comor-
bid conditions and severity of illness as well as the 
acute reduction in renal clearance due to AKI 
itself or an increase in phosphorus clearance by 
RRT [58]. The use of dialysis/hemofiltration flu-
ids enriched with phosphate may reduce the inci-
dence of hypophosphatemia during RRT [55, 56].

Vitamin D is a fat-soluble vitamin that is pro-
duced endogenously and has a key role in bone 
metabolism and calcium homeostasis. Its synthe-
sis is triggered by ultraviolet rays from sunlight 
striking the skin and uses cholesterol as substrate 
(Fig. 23.2). The inactive vitamin D produced in 

the skin (cholecalciferol or vitamin D3) must 
undergo two hydroxylations for activation. The 
first one occurs in the liver and produces 
25-hydroxyvitamin D (25(OH)D) or calcidiol. 
The second occurs primarily in the kidney and 
produces the physiologically active 
1,25- dihydroxyvitamin D (1,25(OH)2D), also 
known as calcitriol, through the action of the 
enzyme 1α-hydroxylase (Fig.  23.2) [59]. 
Extrarenal synthesis also has been described in 
vascular cells, parathyroid gland, macrophages, 
and some cancer cells [60]. In CKD, 1,25(OH)2D 
levels start to decline in stage 2 and continue to 
decrease as GFR falls [61]. The majority of 
ESRD patients initiating hemodialysis have low 
1,25(OH)2D levels, and the lowest levels corre-
late with significantly higher mortality during the 
first 90 days of dialysis [62]. There are limited 
data on 1,25(OH)2D levels in patients with AKI, 
and the relationship of 1,25(OH)2D levels to 
clinical outcomes in patients with AKI has not 
been elucidated. A recent pilot study found lower 
levels of 25(OH)D and 1,25(OH)2D in critically 
ill patients with AKI in comparison to healthy 
controls [59]. In a prospective study with 60 
patients, 1,25(OH)2D levels were significantly 
decreased in patients with AKI compared to hos-
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pitalized patients without AKI [63]. However, the 
available evidence doesn’t show any correlation 
between levels of 1,25(OH)2D and mortality in 
AKI patients [59, 63, 64]. Fibroblast growth fac-
tor- 23 (FGF-23) normally inhibits the production 
of 1,25(OH)2D by downregulating the renal 
1α-hydroxylase, and levels of these hormones are 
inversely correlated [65, 66]. FGF-23 levels were 
significantly higher in patients with AKI com-
pared with control patients (1471 vs. 263 RU/
mL) and were associated with death and need for 
RRT [63]. FGF-23 levels at enrollment (or within 
48 h of AKI) were better predictors of the need 
for RRT than serum creatinine or any other min-
eral metabolism parameters examined. However, 
measures of FGF-23 were obtained after AKI 
diagnosis, and the mechanisms behind its 
increase could not be elucidated. A recent animal 
model study demonstrated that FGF-23 levels do 
increase one hour after induction of AKI, even 
before the rise of creatinine levels, suggesting 
that FGF-23 could be an early marker of AKI 
[65]. The mechanism responsible for its increase 
is likely to be independent from the classic regu-
lators of FGF-23 (PTH, vitamin D, and phos-

phate) and, however, is related to increased 
production, not decreased clearance [65]. The 
animal study results were also validated in 
humans undergoing cardiac surgery [65]. Another 
more recent study of 250 patients undergoing 
cardiac surgery also reported an early increase in 
FGF-23 and a positive correlation with the sever-
ity of AKI or death [66]; they also confirmed that 
the elevations in FGF-23 among patients with 
AKI occurred independent of any alterations in 
PTH, phosphate, or vitamin D metabolites [66].

 Erythropoietin

Erythropoietin (EPO) is a complex molecule, 
which regulates red blood cell production in the 
bone marrow. Approximately 90% of systemic 
EPO in adults is produced by peritubular intersti-
tial fibroblasts in the renal cortex and outer 
medulla of the kidney (Fig.  23.3). A feedback 
mechanism involving the level of oxygen in the 
tissues appears to regulate EPO production. 
Hypoxia-inducible factor (HIF) regulates tran-
scription of the EPO gene in the kidney, which 
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Fig. 23.3 Erythropoietin production and control. EPO 
production is regulated by a feedback mechanism involv-
ing the level of oxygen in the tissues and the hypoxia- 
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determines EPO synthesis. This process is depen-
dent on local oxygen tension. HIF is quickly 
destroyed in well-oxygenated cells through the 
ubiquitin-proteasome pathway by the tumor sup-
pressor protein VHL, but when oxygen delivery 
decreases, VHL ceases its proteolysis of HIF, 
allowing it to go to the nucleus and increase EPO 
production [67].

The principal physiological function of EPO 
is red blood cell production in the bone marrow. 
However, some effects regarding tissue protec-
tion of EPO in the kidney have been demon-
strated in some animals and clinical studies. 
Experimental studies have shown that EPO 
administration protects kidney tissue from dam-
age, may improve renal function in ischemia- 
reperfusion (IR) and contrast-induced injury 
models of AKI, and exerts a renoprotective anti- 
inflammatory action [68–70], and its effect in the 
clinical setting has not been definitely demon-
strated [71]. EPO activates endothelial nitric 
oxide synthase, and this effect on the endothe-
lium may be critical for the renal tissue protective 
effects of EPO. EPO is an extremely potent stim-
ulator of endothelial progenitor cells, whose 
function is partly dependent on nitric oxide bio-
availability. Endothelial progenitor cells appear 
to be involved in endothelial recovery after injury. 
EPO limits AKI in part by stimulating vascular 
repair and by mobilizing endothelial progenitor 
cells and increasing tubular cell proliferation. 
These findings suggest that EPO may exert a 
 protective effect via an interaction with the 
microvasculature.

Angiogenesis and EPO’s renoprotective effects 
may be influenced by vascular endothelial growth 
factor (VEGF). The vascular EPO/EPO receptor 
system promoted postischemic angiogenesis by 
upregulating the VEGF/VEGF receptor system, 
both directly by promoting neovascularization 
and indirectly by mobilizing endothelial progeni-
tor cells and bone marrow- derived proangiogenic 
cells [72]. It appears that angiogenesis is impaired 
and blood vessels are less responsive to VEGF in 
the absence of EPO receptors.

Little is known about EPO production during 
AKI.  In a recent cohort study on 98 patients, 
plasma EPO concentration was higher in AKI 

patients when compared to non-AKI patients and 
correlated to hospital length of stay [73]. 
Interestingly, in AKI patients, the levels of plasma 
EPO did not correlate with hemoglobin concen-
tration, low arterial oxygen tension, and inflam-
mation markers but with insulin-like growth 
factor binding protein-1 (IGFBP-1), a marker of 
insulin resistance and systemic stress [73], sug-
gesting that plasma EPO concentration in AKI 
patients may reflect systemic stress rather than 
low arterial oxygen tension and inflammation 
[73]. Data on the possible positive effects of EPO 
administration in clinical AKI have been mainly 
obtained in the heart surgery setting [74–79], 
with controversial results. A recent meta-analysis 
[80] has suggested that EPO administration 
before surgery in patients not at high risk of AKI 
could effectively decrease its incidence and ICU 
and hospital length of stay; however, no advan-
tage was demonstrated in high-risk patients. In 
addition, EPO could only protect against injury 
resulting from ischemia but not inflammation. 
Consistently, patients with high-risk factors for 
AKI usually present with some inflammation- 
associated diseases.
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 Introduction

Advancement in chronic kidney failure is often 
marked by a progressive increase in the frequency 
and severity of markers of protein energy wasting 
(PEW), such as, hypoalbuminemia, low lean 
body mass, and increased net protein degrada-
tion. Hypoalbuminemia and reduced lean body 
mass are associated with increased morbidity and 
mortality in patients with chronic kidney disease 
(CKD) [1, 2] Although PEW is less common in 
non-dialyzed CKD patients especially in the ear-
lier stages of CKD where the prevalence of PEW 
is lowest, it occurs in approximately 40% of 
maintenance hemodialysis (MHD) patients [3]. 
Many hormonal disturbances affect protein- 
energy status in CKD.  These can be broadly 
divided into those altering nutrient intake, those 
causing impaired anabolism, and those increas-
ing net protein and fat degradation. Abnormal 
nutrient intake may also alter hormonal path-
ways. The kidney is both an endocrine target 
organ and a synthesizer of certain hormones. The 
kidney also degrades many peptide hormones, 
some steroid hormones, and, in proteinuric 

patients, it may excrete substantial amounts of 
vitamin D.

In previous chapters, the actions of various 
hormones in CKD patients are discussed in detail. 
In this chapter, we will limit our review to the 
interactions between hormonal activity and 
protein- energy status of patients.

 Parathyroid Hormone

Parathyroid hormone (PTH) causes protein degra-
dation and negative nitrogen balance. Abnormal 
muscle physiology is a common feature of pri-
mary hyperparathyroidism and secondary hyper-
parathyroidism and in cancer-related increases in 
parathyroid hormone-related peptide. In primary 
hyperparathyroidism, muscle wasting, weakness, 
and myalgias are common symptoms [4]. 
Confounding the isolated effects of parathyroid 
hormone, the hypercalcemia in this disorder can 
itself lead to anorexia, constipation, and nausea, 
along with neuromuscular and neuropsychiatric 
symptoms [5]. Elevated serum PTH is almost uni-
versal in advanced renal failure. Its association 
with muscle wasting in uremia has been noted for 
many years [6]. Garber demonstrated in rats that 
PTH stimulates the synthesis and release of ala-
nine and glutamine from skeletal muscle proteins 
[7]. By administering parathyroid hormone or its 
N-terminal fragments to rats for four days, 
Baczynski et  al. showed that PTH decreased 
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energy production, transfer, and utilization in 
skeletal muscle. The calcium channel blocker 
verapamil blocked the observed effects [8]. 
Massry et al. demonstrated another mechanism of 
impaired energy utilization by PTH: the inhibition 
of long chain fatty acid oxidation with PTH injec-
tions. Activity of carnitine palmitoyl transferase, 
creatine phosphate, and adenosine triphosphate 
also were reduced following injection [9].

Studies by Kir et  al. in cancer-associated 
cachexia have shown that PTH-related peptide 
increases the amount of brown adipose tissue 
which promotes both fat and muscle wasting 
[10]. This same group studied 5/6 nephrecto-
mized rats and showed that PTH and PTH-related 
peptide mediate muscle and fat wasting through a 
common mechanism involving the PTH receptor. 
5/6 nephrectomized rats had increased energy 
expenditure, heat production, and weight loss 
accompanied by an increase in thermogenic gene 
expression of Ucp1, Dio2, Cidea, and Pgc1a, and 
an induction of muscle wasting-related gene 
increases urf-1, Atrogin-1, and Myostatin. There 
was also a decrease in IGF-1 levels. In a knock-
out model of the PTH receptor in adipocytes, the 
weight loss and increased energy expenditure in 
these 5/6 nephrectomized rats was greatly attenu-
ated. Induction of atrophy-related genes Murf-1, 
Atrogin-1, and Myostatin was also inhibited in 
these knockout CKD rats. In other experiments, 
these authors showed that PTH stimulated mRNA 
levels of the thermogenic Ucp1, Dio2, and Pgc1a 
in inguinal fat cells [11]. Taken together, these 
studies suggest multiple mechanisms by which 
PTH may induce a catabolic state. Hence, aggres-
sive management of the bone-mineral axis in 
CKD patients should be considered important in 
maintaining nutritional status in these patients.

Many clinical studies in CKD patients have 
confirmed the catabolic effects seen in animal 
models. Cuppari et al. showed that MHD patients 
with secondary hyperparathyroidism had higher 
resting energy expenditure and that the resting 
energy expenditure decreased six months post 
parathyroidectomy in the patients that had fol-
low-up measurements [12]. PTH is also directly 
correlated with the net protein degradation rate in 
MHD patients [13]. In a study of 32 Chinese 
MHD patients of whom 16 underwent parathy-
roidectomy, serum albumin was significantly 

increased by three months post surgery, and by 
six months serum albumin was statistically 
greater than in the nonoperative group. Body 
mass index and skinfold thickness were signifi-
cantly increased by six months post surgery in 
the parathyroidectomy group [14]. Another study 
also reported an increase in serum albumin after 
parathyroidectomy [15]. However, differences in 
nutritional status due to PTH levels in end-stage 
kidney disease (ESKD) patients have not been 
seen consistent. Cuppari et  al. compared nutri-
tional parameters between 16 ESKD patients 
with a serum PTH level over 420 pg/ml and 16 
ESKD patients with a parathyroid hormone level 
less than 290 pg/ml. Although serum urea nitro-
gen levels were greater in the higher serum PTH 
group and there was a trend toward higher net 
protein degradation rate in the higher PTH group 
(p = 0.08), no differences were observed between 
serum albumin, skinfold thickness, and weight 
between these two groups [16].

Nutritional management can also affect PTH 
levels. Low phosphorus intake and vitamin D 
supplements are a cornerstone of the manage-
ment of secondary hyperparathyroidism. Multiple 
studies of ketoacid/essential amino acid (KA/
EAA) supplemented very low-protein diets 
(SVLPDs) have shown a decrease in serum PTH 
levels with the diets [17, 18]. The high calcium in 
the KA/EAA supplements and the low phospho-
rus content of the SVLPDs may have contributed 
to lower serum PTH levels with these diets. The 
lower acid load from the lower protein intake 
may engender less acidosis and also attenuate 
some of the deleterious effects of secondary 
hyperparathyroidism on the bone. However, in 
one study, four days on a low-protein diet induced 
secondary hyperparathyroidism, possibly from 
decreased calcium absorption [19]. Nutrient 
intake can have a complex interplay with serum 
PTH levels, and during nutritional management 
of CKD, serum PTH levels should be monitored.

 Vitamin D

The mineral bone axis in CKD is described in 
detail in Chaps. 14, 15, 16, 17, and 18. Therefore, 
this chapter will focus on the relation of vitamin D 
compounds to protein-energy status. Serum levels 
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of both 25 hydroxycholecalciferol (25(OH)vita-
min D3) and 1,25-dihydroxycholecalciferol (cal-
citriol, 1,25(OH)2 vitamin D3) are often low in 
CKD. Cholecalciferol is produced in the skin and 
its production is stimulated by sunlight. 
Cholecalciferol is also found in some foods. 
Cholecalciferol is transported to the liver where it 
is hydroxylated in the 25 position to form 25(OH)
vitamin D3. 25(OH) vitamin D3 is transported to 
the kidney where it is hydroxylated in the 5 posi-
tion to form calcitriol. Ergocalciferol (vitamin 
D2), which is primarily derived from fungi and 
some plants, undergoes conversion in the body to 
vitamin D3. The many contributing factors to vita-
min D deficiency in CKD patients include the 
increasing age of CKD patients (which is associ-
ated with decreased cutaneous synthesis of chole-
calciferol in response to sunlight), decreased 
exposure to sun due to fewer people working out 
of doors, clothing and increased sunscreen use 
which also limits sunshine exposure, and losses of 
vitamin D into urine in proteinuric patients. Serum 
calcitriol levels are also low due to the decreased 
enzymatic apparatus in the kidney for vitamin D 
synthesis due to kidney disease, the decreased 
availability of the 25 (OH) vitamin D substrate for 
calcitriol synthesis, inhibition of calcitriol synthe-
sis by FGF-23, and the treatment of hyperparathy-
roidism which decreases stimulation of 1,25 
production [20].

Severe 1,25 (OH)2D3 deficiency can lead to a 
myopathy that features type II fiber atrophy, 
internal myonuclei, and derangement of the inter-
myofibrillar network. Vitamin D, through its 
actions on the vitamin D receptor (VDR) in skel-
etal muscle, increases gene expression of con-
tractile proteins and myogenic proteins [21, 22]. 
It also has nongenomic effects on calcium signal-
ing in skeletal muscle, affecting mitochondrial 
function, and muscle contractility, and by modu-
lating insulin signaling [23]. In vitro studies indi-
cate that vitamin D inhibits myostatin, a protein 
that inhibits muscle growth [24]. In one study 25 
(OH) D3, but not 1,25 (OH)2D3, reduced protein 
degradation but not protein synthesis in skeletal 
muscle from partially nephrectomized rats [25]. 
This suggests that there may be independent 
functions of 25(OH) D in muscle. The substantial 
physiological effects of vitamin D on muscle and 
the common occurrence of vitamin D deficiency 

in CKD patients have made vitamin D an attrac-
tive therapeutic agent for myopathy in advanced 
CKD patients and PEW.

The available data for the benefits on protein- 
energy status and decreasing fall risk and increas-
ing muscle strength have been less robust in CKD 
than in other populations [20]. Two cross- sectional 
studies show an association between vitamin D 
status and muscle strength in CKD patients. 
Gordon. et  al. observed a relationship between 
serum 1,25(OH)2 D levels and gait speed and sit-
to-stand time in stage 3–4 CKD patients [26]. 
Zahed et al. observed that lower serum 25(OH) D 
levels were associated with lower muscle force in 
MHD patients [27]. 50,000 IU/week of ergocalcif-
erol given for six months to MHD patients 
improved the equilibrated net protein catabolic 
rate from 0.91 ± 0.23 to 0.98 ± 0.32 (P = 0.01) 
[28]. However, in a study of 276 MHD patients 
randomized to ergocalciferol or placebo treatment, 
there was no difference in fall risk after six months 
of therapy [29]. On the other hand, case studies of 
advanced CKD patients have observed improve-
ment in myopathy which can be marked with cal-
citriol or 25 (OH)D3 treatment (JDK unpublished 
observations) [30].

 Testosterone

Testosterone’s anabolic actions are mediated 
through a number of different pathways. As early 
as the 1960s, it was known that steroids could 
modulate ribosomal function skeletal muscle 
[31]. Since then several mechanisms of testoster-
one action on skeletal muscle growth and func-
tion have been elucidated. Testosterone also 
stimulates insulin-like growth factor 1 (IGF-1) 
expression which has  downstream anabolic 
effects as well, which will be reviewed later in 
this chapter [31].

Testosterone induces hypertrophy of both type 
1 and type 2 muscle fibers but more so in type 1 
muscle fibers [32]. Fernando et al. observed that 
injection of testosterone in muscle increased net 
protein synthesis without any effect on break-
down; it increased re-utilization of intracellular 
amino acids without increasing transport of 
amino acids [33]. Adult myofibrils contain hun-
dreds of myonuclei. Hypertrophy of the myofi-
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brils over 26% is accompanied by an increase in 
the number of myonuclei; this is thought to hap-
pen to enhance protein synthesis [32]. Anabolic 
steroids increase the number of myonuclei in the 
skeletal muscle of athletes but more in type 1 
fibers [32, 34]. Additionally there is evidence that 
testosterone can increase the density of centrally 
located myonuclei in skeletal muscle myofibrils 
in both type 1 and type 2 fibers in steroid using 
athletes whereas in no steroid use. It is though 
that these myofibrils are primed for muscle 
regeneration and fusion with new myotubes [35]. 
Testosterone also plays a role in the function of 
satellite cells, the local stem cells of skeletal 
muscle. These cells are an important source of 
new myonuclei for hypertrophying muscle [36]. 
In myoblast culture systems, testosterone can 
stimulate mitosis of satellite cells, and the num-
ber of satellite cells was observed to be higher in 
men receiving testosterone treatment for 
20  weeks [37]. This may be mediated through 
Notch, a transmembrane receptor that can regu-
late cell differentiation; activated Notch expres-
sion increased in older men treated with 
testosterone [38]. In addition to local stem cells, 
androgens can also induce commitment of mes-
enchymal pluripotent stem cells to a myogenic 
lineage [39]. Androgen receptors are also tran-
scription regulators. There are androgen recep-
tors on skeletal muscle cells [32] and satellite 
cells [40]. Testosterone treatment for 1 month has 
been shown to increase androgen receptor activ-
ity but with longer-term treatment (six months) 
decreased back to pretreatment levels [41].

In addition to its effects on muscle, testoster-
one also affects adipose tissue. It inhibits lipid 
uptake and lipoprotein lipase activity [42]. 
Testosterone inhibits adipocyte precursor cell dif-
ferentiation. Testosterone also increases beta- 
adrenergic receptors on adipocytes, stimulating 
lipolysis [43]. However, these effects may be dif-
ferent in visceral vs. subcutaneous fat [44].

There is a negative correlation between testos-
terone levels and renal function with an approxi-
mate prevalence of testosterone deficiency of 44% 
in CKD 5D [45]. Low testosterone levels are inde-
pendently associated with lower muscle strength 
and decreased fat-free mass in men with CKD 

[46]. Increased visceral adiposity is also indepen-
dently associated with hypogonadism in men with 
predialysis CKD [47]. Nutrient intake can also 
affect testosterone levels. During caloric restric-
tion, testosterone levels decreased by 11% in 32 
non-obese men restricted to 50% of their needs 
[48]. In one study of CKD 3–4 patients, lower tes-
tosterone levels were even associated with 
increased mortality [49]. The association with 
mortality has also been shown in male dialysis 
patients [50]. Johansen et  al. showed that intra-
muscular androgen supplementation can also 
improve lean body mass and muscle strength in 
nonhypogonadal men and women on MHD. When 
combined with exercise therapy, this group 
observed a 3.1 ± 2.2 kg increase in lean body mass 
in men and women MHD patients after 12 weeks 
of therapy. Women received half the dose of men 
(100 vs. 200 mg of nandrolone decanoate) [51]. 
Macdonald et al. evaluated dose responsiveness of 
appendicular lean mass in CKD 5 men and women 
to nandrolone. A dose- response increase in appen-
dicular lean body mass was observed, but tolera-
bility of the high doses was limited in women due 
to virilization [52]. Lean body mass (LBM) is also 
increased in predialysis patients treated with nan-
drolone decanoate [53].

 Glucocorticoids

Serum cortisone concentrations are generally 
normal in patients with advanced CKD and 
ESKD unless a specific illness is present that 
increases or decreases serum levels. Cortisol is a 
catabolic agent and glucocorticoids are often 
used in the treatment of inflammatory disease in 
patients with CKD. Glucocorticoids also antago-
nize the effects of insulin. Endogenous glucocor-
ticoids also contribute to muscle wasting by the 
suppression of the phosphorylation of Akt by 
activation of the glucocorticoid receptor. The 
decrease in p-Akt upregulates proteolytic path-
ways [54]. Glucocorticoids increase muscle pro-
tein catabolism through the ubiquitin-proteasome 
pathway in a tissue-specific manner [55]. In CKD 
patients treated with glucocorticoids, effort 
should be paid to prevent or minimize PEW. Since 

A. Shah and J. Kopple



337

glucocorticoids also promote mobilization of the 
bone, patients receiving large doses of glucocor-
ticoids, for example, for the treatment of vasculi-
tis or transplant rejection reactions, can develop 
negative calcium balance [56]. Treatment with 
growth hormone may mitigate some adverse 
effects of glucocorticoids [57].

 Growth Hormone and Insulin-Like 
Growth Factors 1 and 2

Growth hormone (GH) has extensive metabolic 
effects including stimulation of protein anabo-
lism, bone growth, calcium retention, bone min-
eralization, and lipolysis [58]. Adipose tissue 
often decreases with GH treatment. These char-
acteristics of GH have made it an attractive target 
for clinical trials for the treatment of PEW in 
advanced CKD and MHD and peritoneal dialysis 
patients. GH is the key endocrine regulator of 
postnatal growth. Excess GH leads to acromeg-
aly while GH deficiency in growing children 
leads to dwarfism [58]. Most of the effects of 
growth hormone on anabolism are mediated 
through insulin-like growth factor-1 (IGF-1) 
[59], but GH also has direct, IGF-1-independent 
effects on gluconeogenesis and lipolysis [60, 61]. 
GH mediates the release of IGF-1 primarily from 
the liver but also from the bone, muscle, and kid-
ney as well as other organs [62]. The IGF system 
includes IGF-1 and IGF-2, various receptors, and 
six IGF-binding proteins. IGF-2 is thought to 
function independently of GH but in concert with 
IGF-1 to regulate growth and metabolism [63, 
64]. The mechanisms of action of GH are dis-
cussed in Chap. 21 and will not be reviewed fur-
ther here.

ESKD is a GH- and IGF-1-resistant state. 
Despite having normal or increased serum GH 
levels, children with CKD have blunted growth 
and blunted metabolic responses to GH [65, 
66]. About 50% of GH and 99% of IGF-1 are 
bound to proteins in plasma; the increased lev-
els of some IGF-binding proteins in serum of 
CKD patients, in part from both decreased fil-
tration of some low molecular weight IGFBP-3 
fragments and increased hepatic production of 

IGFBP-1 and IGFBP-2, contribute to the resis-
tance to GH and IGF [67, 68]. A decrease in 
GH receptor expression and abnormalities in 
post-receptor signaling contribute to GH resis-
tance in experimental kidney failure [66, 69]. 
GH mediates some of its effect through the 
JAK/SAT pathway, which may be impaired in 
uremia [70]. Abnormalities in nutrient intake 
may also affect GH activity in CKD. In starva-
tion, GH increases while IGF-levels fall, and 
low energy intake is a common occurrence in 
advanced non-dialyzed CKD patients [71, 72].

Multiple short-term studies have shown 
improvement in markers of PEW in chronic dial-
ysis patients [73–77], although even with 
improvement, most of these patients continue to 
display evidence for PEW [78]. Using full nitro-
gen balance studies conducted in MHD patients 
with PEW for several weeks per patient, Kopple 
et al. confirmed that GH treatment induced posi-
tive protein balance [79]. After six months of 
therapy, Hansen et al. demonstrated an increase 
in lean body mass and decrease in fat mass in 
MHD patients; the dosages used led to levels of 
GH seen in acromegaly but without significant 
side effects, suggesting again a GH-resistant state 
in CKD [80]. Also, after a six-month trial of GH 
therapy in 139 hemodialysis patients with vary-
ing doses of recombinant growth hormone ther-
apy, Feldt-Rasmussen et  al. demonstrated 
increased lean body mass and health-related 
quality of life and a trend toward increased albu-
min [81]. The largest trial of GH in MHD patients, 
the OPPORTUNITY trial, was terminated early 
but showed a decrease in total body fat and 
weight and high-sensitivity C-reactive protein 
and an increase in high-density lipoprotein cho-
lesterol. There was no effect on mortality or other 
nutritional parameters, probably at least partly 
due to the short duration of the trial [82].

Thus, GH therapy appears to improve some 
markers of nutritional status, but long-term 
potential effects on morbidity and mortality in 
dialysis patients are still unknown. Similarly, 
human IGF-1, when administered to continuous 
ambulatory peritoneal dialysis (CAPD) patients, 
led to markedly positive nitrogen balance [83], 
and low serum levels of IGF-1 are associated 
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with an increased risk of death in MHD patients. 
However, MHD patients with higher serum albu-
min levels and low serum IGF-I do not have an 
increased mortality risk possibly indicating that 
the association between low serum IGF-1 and 
mortality is less due to malnutrition and more 
closely associated within inflammatory illness or 
oxidant stress [84]. More long-term epidemio-
logical studies and controlled interventional trials 
are needed to resolve these questions.

 Insulin

Chapters 1, 2, 3, 4, 5, and 6 of this book review 
insulin effects in CKD in detail. Only a brief dis-
cussion will be provided here. Insulin resistance, 
which reflects the body’s ability to utilize and 
dispose of glucose, and CKD are strongly related. 
Diabetes can affect PEW by decreasing gastric 
motility and impairing nutrient intake. Diabetic 
ESKD patients are reported to be especially 
prone to PEW, presumably due to insulinopenia 
or insulin resistance [85].

Clamp studies also show that advanced 
CKD is an insulin-resistant state, meaning that 
there is a decrease in glucose uptake for a given 
level of glucose and insulin [86]. Metabolic 
acidemia, hyperparathyroidism, inflammation 
and oxidative stress, and, most likely, abnor-
mal adipokine production contribute to insulin 
resistance in CKD [87]. Obesity is also linked 
to insulin resistance and is of growing impor-
tance in the prevalence of CKD [88, 89]. 
Insulin resistance is associated with acceler-
ated protein catabolism and skeletal muscle 
breakdown [90]. Insulin prevents protein deg-
radation through the Class I phosphatidylinosi-
tol 3-kinase (PI3K)/Akt pathway [91]. In 
advanced CKD, signaling through this path-
way is suppressed; the suppression may be par-
tially attenuated by improvement in acidemia 
[92]. Abnormal insulin signaling likely 
enhances muscle breakdown by three path-
ways: ubiquitin-mediated proteasome activa-
tion, lysosomal protein degradation, and 
caspase-3- mediated muscle atrophy [92]. The 
result of abnormal insulin function in advanced 

CKD is a tendency toward muscle loss of mus-
cle in these patients.

 Stomach-Derived Hormones 
Ghrelin and Obestatin

Inadequate nutrient intake is one of the most 
important factors causing PEW in CKD patients 
[93]. Stomach-derived hormones play a role in 
appetite or anorexia regulation and may play a 
role in the nutritional status of CKD patients. 
Preproghrelin is the precursor for both ghrelin 
and obestatin. Cleavage and modification pro-
duce these hormones.

Ghrelin is a stomach-derived circulating hor-
mone secreted by the oxyntic glands in the fun-
dus of the stomach that stimulates food intake 
[94, 95]. Ghrelin secretion is increased by low 
energy intake and is decreased by food intake, 
glucose load, insulin, and somatostatin [96–99]. 
Ghrelin levels are negatively correlated with 
body mass index, proportion of fat mass, and 
fasting levels of insulin and leptin in normal indi-
viduals [99–101]. Ghrelin stimulates growth hor-
mone, prolactin, and adrenocorticotropic 
hormone, providing feedback loop from the 
stomach to the hypothalamic-pituitary axis [102, 
103]. Acyl ghrelin is its orexigenic form, while 
des-acyl ghrelin may be anorexigenic [104]. 
Total ghrelin levels (acyl and des-acyl ghrelin) 
are elevated in those with CKD and 
PEW.  Differences degradation and excretion 
likely contribute to these increased levels [105]. 
However levels of both acyl ghrelin and des-acyl 
ghrelin are not consistently elevated across the 
spectrum of CKD and ESKD and not across 
 pediatric and adult CKD [106, 107]. Peritoneal 
dialysis patients have lower ghrelin levels than 
hemodialysis or predialysis patients, which may 
be evidence of peritoneal glucose absorption sup-
pressing ghrelin [99, 108]. Total and acyl ghrelin 
are also removed by hemodialysis [109]. Ghrelin 
levels may play a role in insulin sensitivity in 
CKD, and preserved insulin sensitivity is associ-
ated with increased ghrelin levels in nondiabetic 
CKD patients [110]. In animal models, ghrelin 
administration reduced the loss of muscle mass 
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in nephrectomized rats [111]. Administration of 
acyl ghrelin acutely increased energy intake dur-
ing one meal but only nonsignificantly increased 
energy intake over 24  h in maintenance perito-
neal dialysis patients [112]. However, ghrelin 
levels do not correlate well with appetite levels in 
CKD [107].

Obestatin antagonizes the effects of ghrelin. 
In rats, it has been shown to inhibit food intake, 
cause jejunal contraction, and cause weight loss 
[113]. When obestatin and ghrelin are adminis-
tered together, food intake does not change [113]. 
It has also been reported that obestatin partially 
inhibits ghrelin-stimulated GH secretion [114]. 
Non-dialysis patients have consistently been 
found to have lower levels than healthy volun-
teers, but reported levels in hemodialysis patients 
and the interaction between BMI and obestatin 
levels are inconsistent [107, 115]. Borges et  al. 
examined the association between ghrelin and 
obestatin levels and nutritional parameters in 
patients with CKD.  Higher levels were seen in 
ESKD than CKD, but no association between 
obestatin levels and nutritional status was identi-
fied [107].

 Adipokines

Chapter 20 on adipokines discusses their effects 
in detail. Therefore we will not delve into an 
extensive discussion here. Adipokines are fat 
cell-derived cytokines with endocrine functions. 
Leptin and adiponectin are adipokines that have 
known effect on nutritional status in normal 
human physiology and likely play a role in nutri-
tional status in CKD.

Leptin suppresses appetite in healthy humans, 
increases satiety, and is directly correlated with 
body fat in non-CKD individuals [116]. In one 
study of MHD patients, leptin levels correlate 
positively with C-reactive protein, but these find-
ings are not consistent across multiple studies 
[117, 118]. High leptin levels are associated with 
a higher BMI, skinfold thickness, and albumin in 
MHD patients [117]. Hyperleptinemia is also 
associated visceral adiposity and lower testoster-
one levels in non-dialyzed CKD patients [47]. 

Overall it is still unclear if leptin is protective or 
not in CKD and therapeutic targets to affect PEW 
in leptin activity remain to be elucidated.

In normal physiology, adiponectin’s functions 
include anti-atherogenesis, anti-inflammation, 
and insulin sensitization [119]. In obesity, 
decreased levels are associated with insulin resis-
tance and obesity related complications [120]. In 
CKD plasma levels are elevated and directly cor-
related with ESKD [121]. In predialysis CKD, 
higher adiponectin levels are positively associ-
ated with PEW [122]. The reasons why adipo-
nectin seems to be anti-inflammatory and 
provides cardiovascular protection in normal 
individuals and associated with PEW in CKD 
may be part of the phenomenon of reverse epide-
miology in kidney disease [123]. Overall, the 
effects of adiponectin on nutrition and CKD are 
still unclear.

 Thyroid Hormone

Thyroid hormone is discussed in detail in Chaps. 
7 and 8. We will provide a very limited discus-
sion here. Thyroid hormone regulates many 
aspects of metabolism and the basal metabolic 
rate. Tissue-specific receptor isoforms, transport-
ers, and cofactors mediate the various effects of 
thyroid hormone. Thyroid hormone mainly 
exhibits effects through the nuclear receptors thy-
roid hormone receptor alpha and beta (TRα and 
TRβ) [124]. Hyperthyroidism is associated with 
higher metabolism, increased lipolysis, weight 
loss, and decreased serum cholesterol levels. 
Hypothyroidism is associated with lower metab-
olism, decreased lipolysis, weight gain, reduced 
cholesterol clearance, and elevated serum choles-
terol [125]. With low energy intake or fasting, the 
hypothalamic thyroid axis is downregulated, 
thereby conserving energy [126]. Brown adipose 
tissue has both TRα and TRβ. The generation of 
heat in response to cold by brown adipose tissue 
requires both adrenergic and thyroid axis stimu-
lation [127]. Thyroid hormone affects both 
peripheral and central adrenergic signaling [128]. 
Thyroid hormone increases hepatic gluconeo-
genesis, increases glucose transporter GLUT4 
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expression in skeletal muscle, and reduces insu-
lin levels. [129] Thyroid hormone regulates fat 
metabolism; it stimulates both lipolysis and lipo-
genesis and can decrease low-density lipoprotein 
levels [125].

There is a high prevalence of subclinical 
hypothyroidism in CKD.  In a study of non- 
dialyzed CKD patients in Japan, the prevalence 
of primary hypothyroidism (TSH ≥ 4.83 mU/L) 
in CKD stage 1 + 2, CKD stage 3 + 4, and CKD 
stage 5 was 9%, 20%, and 56%, respectively 
(p  <  0.05). The serum TSH and thyroglobulin 
levels decreased, without replacement therapy, 
after the initiation of hemodialysis and iodine 
restriction. This study suggests an impairment of 
urinary excretion of iodine may be one cause of 
hypothyroidism in CKD [130]. Metabolic acido-
sis may also play a role; oral bicarbonate therapy 
may improve thyroid function in CKD [131]. 
Clearly, the hypothalamic thyroid axis plays an 
important role in nutritional status in humans, 
and abnormal nutritional status is an important 
aspect of CKD. Large clinical trials on the effects 
of alteration of the thyroid hormone axis on nutri-
tional status in CKD are lacking. The association 
of thyroid dysfunction with adverse outcomes 
implores further study into possible therapeutic 
targets in the thyroid hormone axis [132].
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